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1 | P a g e   
Abstract 
In hot environments, the proper balance between body heat production and heat loss is most important, so that the body does not undergo the heat stress. This balance is achieved by transportation of heat and moisture, both sensible and insensible, through the human-clothing-environment system. Modern protective clothing should be able to protect the wearer from the adverse environments and also provide adequate comfort. Clothing impact on thermal comfort of the wearer depends on the extent to which the clothing and the microclimate next to wearer’s skin influence heat and moisture transport between the human body and the surrounding environment. Fire-fighters’ protective garments consist of a layered material assembly which typically include a flame-resistant outer shell and functional inner layers. The inner layers are generally composed of a moisture barrier and a thermal barrier or liner. When a firefighter is performing a task in a fire, the heat and perspiration generated from the body becomes trapped inside the protective clothing and may cause heat stress to the wearer.  The findings of the previous research suggest in addition to the physical and thermal comfort attributes of the materials used, the garment design, construction, fit and size in relation to size and geometry of the wearer’s body play a vital role in determination of the thermal comfort attributes of protective clothing,. When the fit and size of the protective clothing is altered in relation to the body of the wearer, the size and distribution of air gaps between the human body and the inner surface of clothing will change and, as a result, the processes of heat and moisture exchange between the human body and the environment will also change. These changes finally will influence the thermal comfort attributes offered by the protective clothing. At the moment, in Australia there are no particular designs of firefighters’ protective ensembles specifically developed for female fire-fighters. The female firefighters utilize exactly the same protective jacket as male fire-fighters.   In the present research, different commercial textile materials that are most commonly used for skin layer garments and for firefighters’ protective clothing were evaluated for their thermal and sensorial comfort attributes. The best performing materials combination offering enhanced thermal comfort attributes for skin layer garments and for the firefighters’ protective jacket were selected for use in the firefighters’ protective jacket in existing design and fit, and also in new and improved design and fit suitable for female firefighters. 3D body scanning technology was used to analyse the existing design, construction and fit of the existing firefighters’ protective jacket as relevant to female body form. Thermal manikin Newton was used to 
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determine the influence of jacket design, size and fit on thermal attributes as relevant to male and female form of the manikin.   Findings of the research demonstrate that, size, construction and fit of protective clothing have a considerable impact on the thermal comfort attributes of the clothing regardless of the materials used. Therefore, during the course of firefighting in order to maintain their thermal comfort, firefighters need to be geared up with thermal protective clothing having adequate fit and size with regards to their body size and shape.   In addition, the existing design, construction and fit of the protective jacket need to be modified to better suit female firefighters. Their body geometry should be taken into consideration when designing the protective jackets for them. The results of the present research are encouraging for the future development of new firefighters’ protective jackets for Australian female firefighters.    The results also reveal that there is a need for anthropometric studies of female Australian firefighters. The availability of a relevant anthropometric database would greatly help to inform the protective clothing engineers and manufacturers enabling the most functional to produce the protective clothing that is of best function and fit, and that offers enhanced thermal comfort properties along with adequate protection.     
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Outline of the thesis 
    The substantial part of the thesis has been published therefore; the style of                              “thesis by publication” is adopted to write the thesis. The background and the detailed methodology for each chapter are provided in each chapter. The list of references for each chapter is given in the end of the respective chapter. The outline of each chapter is given below:       Chapter 1 explains the basic definitions of thermal, sensorial, ergonomic and psychological comforts of the clothing. The detailed process of heat and moisture transfer through clothing is given. Thermal regulation process of human body and influence of clothing on thermal regulation process is described. Further, an overview of working environment faced by the fire fighters is provided. It introduces about the most common materials used in skin layer garments and firefighters’ protective clothing. The design, construction and fit of the protective clothing presently used for firefighters are described.      Chapter 2 discusses the significance of the present research. The research aims, objectives, questions and detailed methodology to achieve the aims of the research are given. It describes all the materials, methods and instrument used for to conduct the present research.      In Chapter 3, thermal comfort attributes of the selected skin layer fabrics and selected protective fabrics and assemblies are determined.       In chapter 4, the sensorial comfort properties of the selected skin layer fabrics and selected inner layer fabrics suitable for firefighters’ protective clothing are determined.        Chapter 5, consists of five sections, the section 5.1 includes background, details of the remaining sections are given below, 
• In section 5.2, the preferred protective assembly is investigated for the influence of different air gap size and distribution on thermal (Rct) and vapour resistance (Ret) of the protective assembly.  
• Section 5.3 involves the investigation into fit of the firefighters’ protective jacket in existing design, construction and fit to female body form using 3D body scanning technology. 
• Further in section 5.4, the influence of different body geometries on thermal comfort attributes of the firefighters’ protective jacket in existing design, 
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construction and fit is determined using thermal manikin Newton. The thermal comfort attributes were investigated on male and female form of the manikin using two sizes of the firefighters’ protective jacket in existing design and fit. 
• In addition to objective evaluations, the firefighters’ protective jacket in existing design, construction and fit were assessed subjectively for thermal and ergonomic comfort evaluation. The section 5.5 describes the detailed procedure to conduct the subjective assessment.                  Chapter 6 describes the details of the production of new prototype jacket  for female Australian firefighters according to the recommendations provided in  Chapter 5. Further, in Chapter 6, the details of the objective and subjective assessment of the new prototype jacket are provided.     In Chapter 7, the final conclusions and recommendations for future work are given.  
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1 Background 
1.1    Definition of clothing comfort  The terms, Clothing comfort is the comfort of the wearer on use of certain clothing or textile items. Clothing comfort is a complex and an indefinite subject that is very difficult to define.  Different researchers and scholars have defined clothing comfort in a number ways. Here few definitions are given to understand the idea of clothing comfort.  Slater defines clothing comfort as “a pleasant state physiological, psychological and physical harmony between human being and the environment” [1]. Consistent with Slater’s definition of comfort, Branson and Sweeny defined clothing comfort as a “state of satisfaction indicating physiological, psychological and physical balance among the person, his/her clothing and his/her environment” [2]. Clothing Comfort perception defined by Celcar; Meinander and Gers gave more elaborated view, and  states “Clothing wear comfort is a state of mind influenced by a range of factors and is the result of a balanced process of heat exchange between the human body, the clothing system and the environment” [3]. Ishtiaque stated that “clothing comfort is governed by the interplay of three components: body, climate and clothing. The human body, its microclimate and its clothing form a mutually interactive system. The body and its microclimate are invariable; the clothing system is the only variable” [4]. Later on Li and Wong  [5]  summarizing clothing comfort into several components as: 
• Comfort involves many aspects of human senses such as visual (aesthetic comfort), thermal (comfort and warmth), pain (prickling and itching) and touch (smooth, rough, soft and stiff). 
• The subjective perceptions involve a psychological process in which all relevant sensory perceptions are formulated, weighed, combined and evaluated against past experiences and present desires to form an overall assessment of comfort status. 
• The body–clothing interactions (thermal and mechanical) play important roles in determining the comfort status of the wearer. 
• External environment (physical, social and cultural) has a great impact on the comfort status of the wearer as well. 
1.1.1 Aspects of clothing comfort Clothing comfort is a complex phenomenon but in general it can be divided into four main components [6]: 
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Thermophysiological wear comfort This comprises heat and moisture transport processes through the clothing and directly influences a person’s thermoregulation. It is a known fact that human body acts like a thermal engine and produces heat and the amount of the heat produced is strongly linked with environmental temperature. Furthermore, in many instances there is a constant change in the environment, thereby, human body has to react accordingly and take necessary actions to keep itself intact from the variation of ambient temperature. Consequently human body takes different steps to maintain external environment. During this process the heat transfer phenomenon is present. [6].   Most of the heat transfer from skin to the outside happens through skin and only a small percentage accounts for the heat transfer via respiration. When the clothing is on, the heat release of the human body is strongly influenced by the heat and moisture transfer characteristics of the clothing materials and design. The different designs of clothing changes the air gap size and distribution around the body which eventually affect the heat and moisture transfer of clothing. Thus both the heat and the moisture transmission behaviours of materials and clothing have to be taken into consideration as the materials and design of clothing plays a key role in maintaining thermophysiological comfort. Therefore the fabrics, designs and the styles used for clothing should allow the excess heat, vapours and liquid moisture perspiration to be transmitted from the body to the environment in order to achieve balanced physiological state of the human body [7, 8]. 
Skin sensorial wear comfort This aspect of clothing comfort deals with the mechanical sensations caused by textiles being in direct contact with the skin of the wearer. Sensorial comfort is described as “fabric hand or feel”, is the sensation of how the fabric feels when it is worn next to the skin [6].  This feeling deals with properties of the fabric such as prickling, itching, stiffness or smoothness and pleasant or unpleasant. It can also be related to its attributes related to physiological comfort, as for instance when a fabric is wet its sensorial properties change and fabric may cling to the skin. Textiles with poor skin sensorial wear comfort may even lead to mechanically induced skin irritations when worn next to skin [9]. 
Ergonomic wear comfort Ergonomics or human factor is concerned with the "fit" between the user, equipment and their environments. It takes account of the user's capabilities and 
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limitations in seeking to ensure that tasks, functions, information and the environment suit each user. This deals with the used equipment size, shape, and its suitability for the task [10]. For clothing ergonomic wear comfort is characterised by the fit of the clothing and the freedom of movement it allows. The garment's construction and design and the elasticity of the materials are the main aspect of ergonomic wear comfort [6]. 
Psychological wear comfort The psychological wear comfort is of importance as well for a person and describes the mental satisfaction of a person with his clothing in terms of colours, materials used, style etc. It is affected by fashion trends, personal preferences and ideology of human beings [11].  
1.1.2 Thermal functions of human body Thermal functions are those functions which assists the human body to keep its neutral core temperature within certain boundaries even when the environment temperature is very different from the neutral human core temperature (36.8°C). There are different physical processes involved which are described in the following discussion. 
Human body production and heat exchange There is always some debate concerning the acceptable levels for internal body temperature however, it is agreed that the internal body temperature is maintained within a small range, about 36°C – 38°C.  The human body always tries to maintain a thermal balance between itself and the environment by producing or releasing heat in specific ways to keep internal body temperature at 36.8°C [12]. This process is similar to what happens in a car engine. The first law of thermodynamics states that the change in internal energy of a system is equal to the heat added to the system minus the work done by the system [13]. In other words, a balance is required between the work done by the human body, its metabolism and exchange of heat with the environment [14].  According to the second law of thermodynamics  heat always flows spontaneously from a hot body to a cold one but not the reverse [13].  For this reason the heat from a warm body will flow into the surrounding environment having lower temperature than mean internal body temperature in an attempt to achieve the internal temperature within required levels (36°C – 38°C). The skin temperature is lower than the internal body temperature and it is reported to be 33°C - 34°C [15].  
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Therefore it is understood that heat will from the human body to the surrounding environment.  This process of heat exchange from the skin or clothing surface to the environment is a vital part of the human thermal regulatory process. According to Havenith , Barker et al., and Cheuvront and Haymes [12, 16, 17], the human body can release heat to the environment through conduction, convection, radiation, evaporation and respiration [18] . In a standard indoor environment (20°C, 65%) where the human does not need to take thermoregulatory action to preserve its balance,   the evaporation/respiration provides about 25% of total body heat loss and remaining 75% by conduction, convection and radiation from human skin as shown in fig. 1-1. During physical activity or exercise these percentages could be reversed.                Figure 1-1. Heat transfer through and above skin [19] 
Thermal regulation of human body Thermoregulation of human body usually refers to four mechanisms; a) sweating b) shivering c) vasodilatation and d) vasoconstriction. Body heat loss is increased through sweating by the evaporation of sweat. Shivering produces heat by the involuntary movement of muscles. Vasodilatation and vasoconstriction is a phenomenon which corresponds to changes in blood vessel diameter and changes the human skin temperature by altering the rate of blood exchange with interior.  When the environment is hot, conductance is increased below the skin surface due to increased blood flow which facilitates the heat transfer from body interior to the skin. Then through convection and evaporation of sweat transport the heat is taken away from the body to the environment.  This phenomenon of heat loss mechanism continues within the human body to maintain human body internal temperature at 36°C [19]. 
75% 25%
Vasoconstriction and vasodilatation Sweat glands 
Respiration 
Conduction Convection Radiation Evaporation 
Metabolic heat production 
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Physiological state of human body and clothing Clothing is an integral part of human life and it has a number of functions: adornment, status, modesty, and protection. But one of the primary functions of clothing is to keep the wearer comfortable. In hot climates clothing should be able to provide protection from sunburn or wind damage, while in cold climates its thermal insulation properties are generally more important [5]. This function indicates clearly that clothing plays very important roles at the interface between a human body and its surrounding environment in determining the subjective perception of comfort status of the wearer [5]. Therefore the most important physiological objective for clothing is to enable the wearer to maintain the internal body temperature within acceptable limits to achieve physiological state.  This state can only be achieved when the clothing facilitates required heat exchanges (from human body to the environment or the reverse) to be balanced (heat gains or losses) to keep   the internal body temperature within the acceptable levels (36°C – 38°C) during exposure to extreme hot or cold conditions. As a result, in the course of considerable hot and humid scenarios where by the personals need to perform their job whilst wearing heavy protection clothing, the body’s physiological response alone is certainly not adequate for thermoregulation. In order to enable the protective clothing to attain a balance of thermal comfort and protection the protective materials used in clothing and the clothing designs with regards to human body geometry are extremely important. The designs must be able to support human body thermoregulation system [15].  Thus the  design,  construction and fit of the garment together with the materials used are key elements to  be investigated for understanding the human body heat and moisture loss ability because the heat and moisture exchange effectiveness of clothing is influenced by these types of elements [20].  
1.1.3 Human clothing and environment interaction in hot conditions In hot conditions the major physical processes occurring between body and clothing are: dry heat exchange via, conduction, convection, and radiation; and moisture transfer via diffusion, wicking, evaporation. However the transfer of moisture through clothing is a complicated process. In addition, factors associated with construction of the garment, such as clothing fit, subject posture, compression (e.g. caused by wind), pumping effects (e.g. caused by body movement), and air penetration (e.g. through fabric, vents and openings) have great influence on the thermal behaviour of the clothing [21-23]. The human- clothing – environment system is presented in fig. 1-2. 
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              Figure 1-2. Human- clothing – environment system The heat and moisture produced by human body are dissipated from the skin and in different forms. Some of the heat flows towards the environment through convection and radiation (fig.1-2). The remaining heat is transferred into the clothing microclimate which is present between human skin and clothing inner surface of clothing. From the microclimate some heat is taken away by ventilation and remainder is transferred from the materials to the outer surface of the clothing depending upon the thermal conductivity characteristics of the materials (fig. 1-2). Moisture transfer through human skin to the environment is a different and complex process [24].  
Heat transfer mechanism through clothing Due to the temperature gradient between two surfaces the heat transfer mechanism occurs. The heat flows from the region of higher temperature towards the region of lower temperature [18]. Heat exchange between body and the environment could occur by the following methods, 
Conduction  Conduction is one of the basic mechanisms  of heat flow in static substances which occurs by the interaction of free electrons  in solids and molecules in liquids and gases causing the transfer of heat energy from higher to lower temperatures [24, 26]. There must be direct physical contact between the two interacting objects for conduction to occur. In other words, if direct contact occurs then conduction is directly proportional to the temperature difference between two objects and inversely proportional to the distance between two objects. It is logical to assume that the more 
 Clothing system 
Air layer between body and clothing Heat (conduction, convection, radiation) 
Radiation form environment 
Moisture (vapour diffusion, Capillary action for liquid moisture, evaporation) 
Ventilation 
Convection 
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contact there is, the more conduction can occur. According to Fourier’s law it can be expressed as,  𝑄cond    = 𝐾
𝑑
 . (𝑇𝑆𝑘𝑖𝑛      −   𝑇𝑆𝑢𝑟𝑓)                         Eq. 1-1                   
Where, 
Qcond -Heat transfer by Conduction in W/m2 
K - Proportional coefficient Thermal Conductivity in W/m. K 
d - Thickness of the clothing in mm 
TSkin - Temperature of the skin in K 
Tsurf - Temperature of the hot surface in K Conductive heat loss of a fabric is determined by the thickness of the fabric and its thermal conductivity. For a dry fabric, the thermal conductivity is a combination of the conductivity of air Ka and the fibre Kf trapped in the fabric.  There is a significant increase in conduction heat transfer when the clothing is wet. This is because water provides a conductive bond between human skin and clothing and also displaces the insulating air layers present in the microclimate and between the clothing layers [27]. Hollies and Bogaty [28] found that for a moist fabric the thermal conductivity is proportional to its moisture content. Therefore heat transfer by conduction is very harmful for the personals working in extreme hot and humid conditions because when the wet protective clothing is pressed against the skin it causes severe problems of steam burns [29].  
Convection Convection is the transfer of heat between the body and surrounding flowing medium such as air or water. For clothing, heat transfer by convection is more important than conduction. The air, which flows around the skin, is cooler than the skin. Therefore heat will be transferred from the skin to the air around it. The rate of heat loss due to convection will also be slow during slow air or water movement  [24]. It can be expressed as, 
  𝑄𝑐𝑜𝑛𝑣   =       ℎ . ( 𝑇𝑆𝑢𝑟𝑓  −  𝑇𝑎𝑚𝑏)                      Eq. 1-2 
                                                                                      Where, 
Qconv - Convective heat transfer in W/m2 
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h – ‘Convective’ heat transfer Coefficient in W/m2 K 
TSurf - Temperature of the surface in K 
Tamb - Ambient Temperature in K The convection heat transfer coefficient h depends on the air velocity across the body, and consequently also upon the position of the person and orientation to the air current. Convection can occur by two different ways; 
• Natural convection; which appears due to the flows caused by density differences due to temperature gradients 
• Forced convection; by external ventilation or by body movement When the wind is not flowing, natural convection is a main mechanism of heat exchange among skin, microclimate, clothing materials and environments. While in presence of wind or when a person is moving, forced convection is a dominant way of heat transfer through clothing. In extreme hot conditions, heat transfer from human body to the outside environment or the reverse to that by convection occurs due to circulation of air and water around the person working in those conditions. Convection heat transfer in these conditions could be very dangerous to the wearer because in this situation the environment temperature is higher than the mean skin temperature of the human body. Thus the heat may transfer from environment to the human body through natural or forced convection.  
Radiation The rate of heat transfer by radiation depends on the mean temperature of surrounding surfaces, skin or clothing surface temperature and properties of clothing (or skin) and surrounding surfaces [30]. Electro-magnetic radiation generates heat due to the temperature of the source. Human body may lose or gain heat through radiation. In hot environments more heat will be radiated to human body than from the human body. Radiation is caused by temperature gradient between two surfaces, the distance between two surfaces and the reflectivity of the respective surfaces [31]. Thermal radiation is the most significant methods of heat transfer in extreme hot conditions from  outside to the human body radiated from the hot source [24].  It is expressed as, 
 𝑄𝑟𝑎𝑑 =  𝜖𝜎 ( 𝑇𝑠𝑢𝑟𝑓4  −  𝑇𝑎𝑚𝑏4  )                            Eq. 1-3                                                                                                                                                                                                
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Where, 
Qrad - Thermal radiation flowing outward in W/m2 
ε - Absorption coefficient of textile surface 
σ - Stephan Boltzmann Constant in W/m2K4 
Tsurf - Surface temperature in K 
Tamb - Temperature of surrounding surfaces in K 
Mechanism of Moisture transfer through clothing To maintain the physiological comfort, apart from dry heat transfer, moisture should also be taken away constantly from human body to environment. Clothing plays an important role in the process of transferring the moisture (vapour or liquid sweat) generated by human skin to the environment.  Moisture transfer through clothing in hot environments occurs by the following ways: diffusion, wicking, evaporation and adsorption. 
Diffusion (Water vapour transfer)  Diffusion is one of basic mechanisms of moisture transfer through clothing by transferring the water vapours which is described by following equation,        
        Where, 
C - Moisture concentration in fabric in mol/m3 
Deff - Effective diffusion coefficient of water vapour through a textile in m2/s 
∂C
∂x
   -  Gradient of water vapour concentration in the void space The rate of diffusion by water vapour transfer through clothing is proportional to the water vapour pressure gradient [32]. Deff varies strongly with the amount of the moisture in the fabric because water adsorption induces swelling, modifying the tortuosity and volumetric porosity of the medium [33].  The effective diffusion coefficient Deff in a textile material from diffusion coefficient into air is expressed in following equation by Chitrphiroms,        
                                                                                                                                                                     Where, 
𝜀𝛾 - Volume fraction of gas phase 
𝜏  - Fabric tortuosity 
 𝜕𝐶
𝜕𝑡
 =  𝜕
𝜕𝑥
 �𝐷𝑒𝑓𝑓 𝜕𝐶𝜕𝑥  �                                                                                                                Eq. 1-4                                                                                                                                                                                                
 𝐷
𝑒𝑓𝑓 = 𝐷𝜀𝛾𝜏                    Eq. 1-5                                                                                                                                                                                                                                           
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Tortuosity of a fabric is defined as the ratio of actual flow path length average Le, to the length L (thickness), of the porous medium in the direction of macroscopic flow. Higher value of tortuosity would therefore indicate longer, more complicated and twisting path thus resulting in greater resistance to the flow of liquid water [34].  
Wicking (Liquid moisture transfer)  Liquid moisture transfer through fabric is conducted by wicking. Wicking in a fabric is a result of fibre/liquid molecular attraction at the surface of textile materials. Wicking is actually the transport of a liquid into a textile by capillary action. Capillary forces appear due to spontaneous wetting of textile materials. Transportation of liquid moisture in fabric is dependent on hydrophilic properties, construction parameters, finishing treatments of fabrics and combination of different fabric layers [35, 36]. The wicking process is described by Poiseuille’s equation, 
            Where,   𝑣 - Water movement rate in m/s 
𝑟 -  Capillary radius in mm 
∆𝑃 -  Effective pressure gradient in Pa 
𝜂 -  Viscosity of the fluid in Pa.s 
  𝑙-  Distance travelled within capillary in mm For liquid moisture transfer through a textile material the hydrophilic properties of a textile material are very important. The porosity and the size of the pores in the material also influence the wicking mechanism [37, 38] .  The liquid water transfer becomes complicated when different textile layers are combined in a layered clothing system. Layer to layer wicking is only possible when one layer transfers the moisture from one surface to the other surface in liquid form [39]. 
 Evaporation Evaporation is a process of changing a liquid state into gas state which happens when the water vapour partial pressure is smaller than the saturation pressure at the same temperature. Condensation is a reverse process of evaporation in which a gas or vapour changes to liquid. When the physical state of water is changed from liquid to gas or gas to solid a substantial  quantity of thermal energy is released (for condensation) or absorbed (evaporation). This heat is called latent heat [40]. It is 
 
𝑣 =     𝑟2∆𝑃32𝜂𝑙                    Eq. 1-6                                                                                                                                                                                      
15 | P a g e   
assumed that evaporation from a completely wetted textile into air is equal to the evaporation of a liquid surface with the same area into air and is described by Hertz – Knudsen equation, 
Where, 
𝑚𝑒𝑣𝑎𝑝-  Evaporative mass flux  in kg/m2s 
Tsurf  -  Temperature at the liquid surface in K 
Tamb - Ambient temperature in K 
Psat(Tsurf) - Saturation pressure at the liquid surface in mbar 
Pamb   -   Ambient partial pressure of water vapours in mbar 
R - Universal gas constant in J/mol.K 
WH2O - Molecular weight of water vapour in g/mol 
E - Evaporation constant         The heat Qc is released or absorbed during evaporation/condensation and can be calculated as follows, 
 Where,                       𝑄𝑐  - Heat released during evaporation/condensation in W/m2  𝜆 -  Latent heat for evaporation/condensation in J/kg 
𝑚𝑒𝑣𝑎𝑝 - Evaporative mass flux in Kg/m2s 
Adsorption The process of adhesion of molecules of a gas or solid to the surface of a solid or liquid is called adsorption. For textile materials it is a process of fibres taking up water vapour. Adsorption of water only occurs in hygroscopic fibres and it is describe by the following equation [41], 
Where, 
𝑚𝑠𝑜𝑟𝑝 -  Rate of adsorption in Kg/s.m3 
  𝑚𝑒𝑣𝑎𝑝   =  𝐸�𝑊𝐻2𝑂   2𝜋𝑅          �𝑃𝑠𝑎𝑡  〈𝑇𝑠𝑢𝑟𝑓〉�𝑇𝑠𝑢𝑟𝑓   −    𝑃𝑎𝑚𝑏�𝑇𝑎𝑚𝑏�        Eq. 1-7                                                                                                                                                                                                                      
              𝑄𝑐    =   𝜆𝑚𝑒𝑣𝑎𝑝                           Eq. 1-8  
 𝑚𝑠𝑜𝑟𝑝 =  (1− Φ)  𝜕𝑀𝑓𝑖𝑏𝜕𝑡                                   Eq. 1-9                                                                                                                                            
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𝛷- Porosity of fabric 
Mfib  - Moisture content of the fibres in Kg/m3 
1.1.4 Summary             There are different ways to describe clothing comfort such as thermal, sensorial, ergonomic and psychological comfort. For protective garments thermal, sensorial and ergonomic comforts are the most important especially when they are designed for extreme conditions. The detailed process of heat and moisture transfer through clothing is described in this section to enhance the understanding of thermal comfort.                    Further, thermoregulation processes of human body are discussed. Thermoregulation processes continuously try to achieve the equilibrium state for keeping the internal body temperature between acceptable levels (36°C – 38°C). The human body continuously produces heat by its metabolic processes. The heat is lost from the surface of the body by convection, radiation, evaporation and respiration. Human thermal comfort depends on the metabolic rate (internal heat production), the heat losses from the body and the climatic conditions. As is well-known, the thermal comfort attributes of clothing are affected by these parameters. Clothing reduces the body’s heat loss because the clothing materials and its design and construction have greater influence on heat and moisture exchange between the skin and clothing microclimate and the environment. The wearer may consciously assist the body to maintain its proper heat balance under exposure conditions by wearing suitable clothing.           
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1.2 Key Issues in engineering firefighters’ protective clothing There are number of factors which need to be considered to reduce the rate of fatalities and enhance the thermal comfort attributes of the firefighters’ protective clothing such as fit and size, moisture absorption and transfer, skin burn injuries, degradation, age etc. These factors motivate the researchers for further investigation to find the best materials combination for firefighters’ protective clothing offering enhanced thermal comfort attributes with adequate protection to them. This section will highlight some critical issues associated in engineering firefighters’ protective clothing. 
1.2.1 Firefighters’ working environments and protective clothing The environments faced by the firefighters have diverse nature. The nature of the environment depends mainly on the type of fire such as structural or wildland fire. There are relatively rare highly dangerous situations are flashover situations where the firefighter is surrounded by the fire. Heat exposure is mostly due to radiation from fire. Firefighters are typically exposed to the thermal radiation of around 5 to 10 kW/m2 [42]. In emergency conditions as in the case of industrial fires the intensities of the thermal radiation could reach 200 kW/m2 [43, 44]. The severity of thermal exposure depends on air temperature as well as on the radiative heat flux. Thermal environments of the firefighters have been classified into three categories as defined by Hoscke based on Abbott et al. findings [45, 46] which are named as routine, hazardous and emergency conditions. In routine situations they normally have to face the temperatures of 30°C – 100°C for the duration of 25 – 60 minutes. In hazardous conditions the temperature may reach from 100°C – 300°C, however the maximum exposure time is not more than 20 minutes.  During emergency conditions the temperature can rise up  to 1200°C, but the maximum exposure time for firefighters in these conditions is less than a minute [42, 45] .  These findings indicate that during fire fighting, facing any kind of fire (routine, hazard or emergency) the environment temperature is generally higher than the mean skin temperature of the human body. Thus, the movement of body heat from skin towards the outside environment is not possible also the outer layer of the firefighters’ protective clothing acts a barrier for heat and flame. As a result, outer layer also prohibits the movement of environmental heat towards the human skin.  In this case, the design, construction and fit of the clothing become very important apart from the materials used in protective clothing.  The modifications in design and fit of clothing change the size and distribution of air gaps between human skin and the inner surface 
18 | P a g e   
of clothing. Thus, the human body geometry is one of the most important factors in determination of the garment fit. Consequently, the variation in size and distribution of air gaps around the body strongly influence the heat and moisture transfer through clothing. Air is one of the best insulators, and  the larger amount  of trapped air between the skin and clothing microclimate can increase the thermal and vapour resistance offered by the clothing [47]. Therefore, the design, construction and fit of the protective clothing is very important to maintain the thermal of the wearer. 
1.2.2 Heat stress and heat stroke Heat stress is a major risk for working in extreme hot environments specially fire fighting where protective clothing is also worn. Firefighters’ protective clothing increases heat production by body due to higher metabolic rate and at the same time interferes with the body’s ability to lose heat to the outer atmosphere [48]. Heat strain occurs in human body whenever the rate of heat gain by the body is faster than the heat loss. Wearing protective clothing is a layered garment as discussed in previous section and it limits the amount of heat that the body can lose by convection, radiation and evaporation, thus workers such as firefighters are at greater risk of heat stress [49]. The weight, stiffness, and extra bulk on body joints of the firefighters’ garment are the added metabolic burden in firefighting. Wearing the complete ensemble with complete breathing equipment typically increases heat production by about 30% over just the station uniform when performing the same task [48]. In addition to the extra work demands, wearing such a heavy garment with all protective equipment further slows down the body’s ability of thermoregulation. The rise in temperature of the environment as in the case of firefighters’ situation may increase the body core temperature above 40°C. Such temperature condition is very dangerous because at this stage the body’s thermoregulation system stops working. This situation causes the heat stress for the firefighters [49]. If heat stress is not treated immediately it may ultimately lead to a number of heat illnesses. These illnesses include heat stroke that is also known as hyperthermia, heat exhaustion, heat cramps, and transient heat fatigue and fainting. This may further lead to cardiovascular strain which in turn can cause heart attacks and eventual deaths. If the body cannot lose heat, it will store inside the body and become at risk of contracting a heat illness [50].   The only way to overcome heat stress is to continually dissipate the excessive heat either by heat transfer mechanisms or by evaporation. The heat loss ability of the human body depends on a number of factors including environment, the task, the human characteristics (age, gender, physical condition), and the clothing worn [51]. Usually, it is not possible to be able to control the environment, so the solution lies in the adjustment of the person, the task, or the clothing. Adjustment of the person or the task is often very difficult to achieve because it involves issues like training, logistics, or 
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practicality for the individual fire department. The only possible solution is clothing adjustments or modifications which involve continuous engineering and research to improve thermal comfort. [52, 53]. 
1.2.3 Skin burn injuries Firefighters are fully equipped but still certain skin burn injuries cannot be avoided. These burns are due to the contact of protective clothing with hot objects, exposure to thermal radiation or to hot liquids. Different classification systems are used to categorize skin bums. One common method traditionally used is to clinically classify bums as first, second, third, or fourth degree burns. Bums are normally temperature and time dependant Therefore, two different exposures can result in the same degree of bum, but leave the skin with different appearances. Following is a widespread classification of steam burns [54, 55], 
• First degree burns are external burns. These burns are sensitive to pain and the skin is bright red. It causes temporary discomfort and normally quickly healed with no permanent scarring or discoloration. 
• Second degree burns show the appearance of blisters due to damage to the epidermis and dermis. These burns are sensitive to touch. Second degree burns can be further classified as deep burns depending on the penetration depth of injured area. Deep second degree burns result in the loss of dermal base. 
• Third degree burns are such kind of burns which occur when all epidermal elements of skin and supporting dermal structures are destroyed.  The burned area is completely insensitive and there is no possibility of spontaneous healing. The burn injuries of the firefighters mostly appear on hands, shoulders, arms, knees and sometimes head also. The burns also appear even without being in contact with the fire at temperatures of clothing lower than 100°C. The firefighters’ garment can store a substantial amount of energy which may cause burns even after the end of the thermal exposure [56]. Apart from skin burn injuries steam burns are also a major problem in fire fighting process These are commonly known as scalds and caused by hot liquids or steam [57]. Scalds are thought to appear due to sudden evaporation of moisture trapped in clothing layer at thermal exposure. These burns are formed by the movement of steam towards skin driven by temperature and vapour pressure gradients; it condenses on the skin resulting scald formation. These burns are more severe than dry burns as skin may absorb hot steam more rapidly. The formation of 
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burns is a complex phenomenon and it needs more investigation to reduce the risk of burn injuries [58]. However the heat and moisture movement through clothing both are affected by the fit of the clothing. Therefore appropriate design considerations can reduce the rate of skin burn injuries also. 
1.2.4 Effect of moisture on thermal comfort properties The main problem in fire fighting is that the firefighters have to operate in the moist and extremely hot environment. Considerable amount of water is used in the fire fighting operation. Body perspiration is produced during intensive physical exertion. Thus, moisture accumulation is unavoidable in firefighters’ protective clothing. Further, the presence of moisture in protective assemblies strongly affects the heat protection properties of the material used. Heat transfer properties of clothing layers in garment ensembles change severely with the presence of an additional moisture. This moisture also increases the thermal conductivity and heat capacity of the fabric and fabric assemblies. Various authors have studied the effect of moisture in these clothing ensembles [56, 57, 59]. The authors generally concluded that different temperature and moisture conditions show variation in heat transfer properties using different combinations of materials and designs. The addition of moisture may also cause steam burns depending on its amount and location [60].  
1.2.5 Effect of fit, size and garment design on thermal comfort attributes               Human body thermoregulation, clothing performance and environmental conditions play the key role for the body heat and moisture transfer phenomenon. For this purpose, the selection of appropriate materials for thermal comfort is of prime importance. However it is not sufficient to evaluate thermal comfort offered by protective clothing at the level of material assemblies. Garment style, fit and construction are also important factors to consider. The logic behind this reality is that the fit of the garment is directly linked to the size of the air gaps between human skin and inner surface of clothing as discussed earlier. It is a key factor not only in protective efficiency of the garment but also in a process of heat and moisture loss from the human body [61]. McCullough et al. compared the thermal resistance offered by daily wear tight-fitting and loose-fitting long trousers made from cotton twill fabric and found that loose-fitting trousers had higher resistance as compared to the tight-fitting trousers when standing still and under a      no-wind condition. They, however, stated that, during body motion or under windy conditions, movement could result in air 
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circulation inside the trousers and, thus, a greater increase of convective heat transfer in the loose-fitting trousers in comparison to the tight-fitting ones [62].                Later on Fan investigated the effect of four different sizes (S, M, L, and XL) and design on thermal comfort attributes of the cotton T-shirts using thermal manikin Walter. The T-shirts were made in four sizes in conventional design and the other design had the flared pattern at the hem. The flared pattern was based on L size of the conventional design. It was concluded that thermal and vapour resistance increase with increasing size from S to XL even under walking and windy conditions. In case of the flared pattern T-shirt, the thermal and vapour resistance reduced significantly under walking or windy conditions [63]. There are number of factors which contribute to the thickness and distribution of air gaps around the body which include the geometry of human body, garment fitness and fabric drape. The thickness of air layers is also not evenly distributed around the body due to human body geometry. This distribution of air gaps is also different for males and females if the same garment designs and styles are used for both. In this case the total air volume trapped by a female body form is usually larger than male body form due to having more clothing air spaces around the body as compared to the males [64]. Troynikov et.al investigated the fit of the existing firefighters’ protective jacket into female body form. The researchers concluded from this investigation that when comparing a garment of the same size and construction on both a female and male form of the manikin, the female body shape forms a greater air gap between the body and the garment inner surface as compared to the male body shape. The results also showed that a looser garment of larger size entraps larger air volume. In this study the same manikin was used in male and female form where entrapped air volume was changed by the addition of the breast segments with the rest of the manikin remaining of the same size/configuration. However for actual human subjects the male geometry is different from the female body shape in all body sections, not just at the chest area. Therefore the total air volume and volumes across different body sections could be larger than the ones reported in this study [64].  Therefore using the same designs for both male and females in work wear especially for fire fighting is not advisable as these garments will offer reduced thermal comfort to the females due to larger air gaps as compared to the males.  Kim et. al used a 3D body digitizer to quantify the size of the air gaps in a single and  multi-layer clothing systems consisting of five different clothing configurations of existing military protective clothing. The study revealed that burn severity increases as 
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the air gap between body and clothing decreases [65] which means that these spaces should not be very big or very small either.  Material properties such as fabric stiffness, bending rigidity and drapability affect the fit of the clothing construction of the garments. For example, Song investigated thermal protective performance of Kevlar®/PBI® (polybenzimidazole) and Nomex® IIIA coveralls of the same size and style and found that less drapable coveralls of Kevlar®/PBI had the larger mean air gaps than more drapable coveralls of Nomex®IIIA [66].   During intense heat exposure in firefighting, thermally induced garment shrinkage may also be occurred resulting reduction in clothing size and air layer size. This in turn increases the heat transfer from environment towards skin in hot conditions  [67]. In fire fighting, the size of air layer between the inner surface of the protective garment and the body affects the heat and moisture transfer from body to the outside environment. The mechanisms of heat and moisture transfer between clothing and the skin depend on the size of air layer. The air layer between human skin and clothing inner surface behaves like an insulating material, which affects the thermal comfort attributes of the garment. Therefore garment size and fit is one of the most important factors to investigate to improve the thermal comfort of firefighters’ protective clothing especially for female firefighters.  
1.2.6 Summary Reviewing all the above issues it is concluded that the risk of the problems faced by the firefighters can be reduced by the choice of better materials and appropriate   design, construction and fit of their protective clothing as relevant to their human body. Their protective clothing needs further research in order to find the best suitable materials combination which may reduce the risk of heat stress and skin burns. Additional investigation is also required to explore the influence of different air gap size and distribution on thermal comfort attributes of different material assemblies and clothing. Improved garment fit and size is one of the key factors to enhance thermal comfort characteristics of the protective clothing. Therefore there is an extreme need to find an ideal fit for the firefighters especially for female firefighters which may be helpful to improve the thermal and ergonomic comfort for them.    
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1.3 Modern firefighters’ protective clothing Firefighters have to face several hazards during fire fighting which includes thermal (flame, radiant and convective heat), biological (blood borne and pathogens), chemical (skin contact), physical (impact, debris and rough surface) and environmental (extreme ambient temperature and high humidity) [56].  In this situation protective clothing becomes very important and essential to the firefighters.  One of the most important purposes of the firefighters’ protective clothing is to limit the heat stress to wearer and minimize hindrance to their activities. The design and fit protective garment are of prime importance and it must offer the best fit to the firefighters  [18, 43, 68]. In addition to that, the protective garment must maintain the integrity during the heat exposure and be liquid repellent. Fibres and the fabrics used in firefighters’ protective clothing should not melt, break or split even when exposure to flames. They should resist shrinkage and maintain strength and flexibility at high temperatures. [69].  
1.3.1 Protective clothing layers and their functions Modern firefighters’ protective garment or “turnout gear” includes coat, trouser gloves, boots, helmets or coverall elements of the protective ensemble designed to provide protection to the upper and lower torso, arms, and legs, including the head, hands, and feet [39].  The modern  firefighters’ turnout gear consist of three layers of an outer shell/layer, a moisture barrier, and a thermal/inner liner, each of them being a separate layer except that they may be attached at the seams of the garment. Each layer of the protective ensemble fulfils very different purpose and has different construction and must meet special individual performance requirements such as protection from heat, physiological and sensorial comfort etc. Starting from the outside and moving toward the skin, the first layer of protection is the outer shell, followed by the moisture barrier and ending with the garment layer closest to the skin, the thermal liner. The thermal liner could be a single component but in some cases it may be two separate components as shown in fig. 1-3(b). In two components, one component  is the thermal batting and the second is the face cloth or inner layer quilted to the non-woven batting [70]. Clothing which is used as undergarment (base layer garment) underneath the protective garment is also important to consider since it is part of the total package of body protection. It could be a station uniform or a t-shirt.     
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                   (a)      (b) Figure 1-3. a) Three layer assembly with thermal liner    b) Three layer assembly with   inner layer 
Outer Shell/layer The first barrier against the heat and flame is the outer layer. It must perform two critical and the most important functions: excellent heat resistance from direct flame contact and offer the protection to the rest of the garment layers from rips, tears, slashes, abrasion, etc. [71] . A typical outer shell consists of a woven fabric constructed of high strength, heat- and flame-resistant fibres. However, first and foremost, the outer shell must be able to provide continued protection for the internal layers of the garment throughout the lifetime of the garment. In other words, the outer layer must be able to withstand extreme temperatures and wear and tear involved in fire fighting while maintaining its protective qualities. 
Moisture Barrier Moisture barrier is a middle layer between outer and inner layer.  The primary purpose of the moisture barrier is to keep water or any liquid chemicals away from reaching towards the skin [71]. There are number of benefits to the wearer if the protective clothing system is dry. First of all, the dry protective clothing system is safer and lighter than the wet protective system. Water adds the weight to the protective clothing which ultimately increases the rate of metabolism and reduces the ergonomic and sensorial comfort of the fire fighter [72, 73]. In addition to that, the probability of occurrence of steam burns would be higher in wet state than in dry state. These burns are usually very surprising to the firefighters as often they appear without any contact with the hot surface and without any damage to their turnout system. Another 
Undergarment or skin layer garment Face cloth/inner layer Thermal batting (nonwoven) 
Outer shell/layer 
Thermal liner 
Moisture barrier (Middle layer) 
Outer shell/layer Moisture barrier (Middle layer) 
Inner layer 
Undergarment or skin layer garment 
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disadvantage due to addition of water is reduction in thermal insulation of protective clothing system. Thermal conductivity of water is about 23% higher than air, so when water penetrates into air spaces the heat transfer ability of the clothing increases [70, 71]. In this situation during fire fighting the environmental heat can easily move towards the skin increasing the susceptibility of the firefighter to burns and heat illnesses  which is not desirable [74]. Water barriers also keep out the other liquids including bodily fluids during handling victims which could have infectious diseases [75, 76]. Apart from these functions, the moisture barrier also allows the vapours from the skin to transfer outside for physiological comfort to the fire fighter. If moisture barrier restricts the flow of vapour, then this moisture will be trapped inside the protective system and increase the heat transfer from environment towards skin. Therefore the moisture barrier in protective clothing system should be highly breathable to reduce the amount of heat and moisture trapped inside the system. The moisture barriers are relatively delicate and could be damaged easily through excessive wear and tear during fire fighting [77].  
Thermal Liner/Inner layer The thermal liner is the inner most layer of protective clothing system.  Primarily the thermal liner contributes to the thermal protective insulation of protective clothing system however it adds the weight and bulk in the system due to non-woven batting [71].  Thermal liners usually consist of a multilayered fabric system typically incorporating an insulated nonwoven batting material quilted to a durable woven fabric commonly known as face cloth. The non-woven batting materials are thick and trap a large amount of air in the web of fibres, thus providing low thermal conductivity to the thermal liner. Like the moisture barrier, the insulation material (non-woven batting) is relatively delicate and prone to damage through wear and tear.  For this reason the facecloth is quilted which serves as a guard to protect and maintain the integrity of the insulation material [78, 79]. Thin fabric layers are also used as inner layers without any quilting to reduce the bulk and weight of the protective clothing system. The facecloth or the inner layer is a fabric resting either against the undergarments worn by the fire fighter or directly against the skin. Therefore the facecloth material or inner layer should be smooth and slippery and needs to wick perspiration from the firefighters’ skin or undergarment for added comfort and providing an interface between the fire fighter and protective garment to improve mobility. If the moisture is not wicked through the inner layers then protective clothing 
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could be itchy and restrictive to the firefighters in performing various tasks due to discomfort associated with skin wittedness [80]. 
1.3.2 Materials and assemblies used              There are very limited materials which could be used for firefighters’ protective clothing to fulfil the requirement of protection against flames, thermal radiation, liquid chemicals etc., and to provide physiological comfort to the wearer as well. They should also be light and breathable. In the past, the firefighters clothing systems were composed of leather with woollen non-woven lining. Single layer wool coats were also used over an undershirt of cotton or wool. Leather is a heavy material and also it shrinks when exposed to heat. Wool was a preferable choice because of being a hygroscopic fibre absorbs a large amount of moisture and also is a thermal insulator due to its ability to trap air in fibres.  The disadvantages of wool which made its use inappropriate were increase in its thermal conductivity when subject to moisture and no ignition protection on exposure to flames. Afterwards, PVC coated jackets came into the market but these jackets had poor water permeability due to which body moisture could not escape through the clothing. This led to an increase in the formation of steam burns  as evaporated  moisture was trapped in clothing layers [81, 82].  With continued advancements during the 1980s the use of modern protective materials such as Nomex® and Kevlar® was realized. Nomex® is a meta-aramid fibre which is widely used for firefighters’ protective clothing. It was introduced by Dupont in 1962.  Aramid fibres are of two types ; meta- aramid and para-aramid. The two forms differ from each other in the connection of the monomers. These fibres have high strength, high melting temperatures and lighter in weight. They are flame-retardant and decompose before melting. Meta-aramid fibres have more textile-like behaviour than para-aramid.  That’s why they are more often chosen for textile applications. Nomex® has a tendency to shrink and split under high temperatures like fire fighting. To overcome this problem, generally it is blended with para-aramid fibres Kevlar®. Nomex® III, which is widely used for firefighters protective clothing is a blend of 95% regular Nomex® with 5% Kevlar®. Nomex® is extensively used in different forms for firefighters’ protective clothing as outer layer, as non-woven spun lace for thermal barriers, in knitted form for underwear and as blend with viscose for the liner of firefighters’ jackets and trouser [79]. Polybenzimidazole (PBI®) fibre has excellent textile characteristics along with resistance to high temperatures and chemicals. The PBI® fabrics have generally better fire protection than aramid fibres while remain flexible, consistent, with no afterglow 
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and shrinkage on exposure to high temperatures . PBI® is preferably used as outer layers for firefighters’ protective clothing for being highly fire resistant [83].  Polytetrafluoroethylene (PTFE) is a synthetic fluoropolymer which can be expanded into a thin porous membrane with 1.4 billion pores per cm2. This results in a membrane which is impermeable for liquid water but permeable for water vapour. This membrane is very useful to use as a water barrier because this allows the water vapour to escape form clothing in vapours resulting an increase in the ability of sweat evaporation on the skin. In the meantime it protects the clothing layers against liquid water coming from outside.  Teflon is usually laminated with aramid spun lace and then placed within the clothing layers of the firefighters’ protective clothing [70].  Viscose is a regenerated cellulose fibre, highly flammable and chemically very similar to cotton fibre. It is treated with flame retardant finishes and mostly blended with aramid fibres to use in firefighters’ protective clothing as a liner. Blending of both fibres together improves the physiological properties of aramid fibres [80].  Cotton, polyester, wool or wool blends are usually used as undergarments for fighters. But sometime firefighters don’t use any undergarments. These are flammable fibres. They are treated with flame retardant finishes to use them with firefighters’ protective garment.  For physiological comfort wool or wool/bamboo blend is considered better as it has the ability to transfer skin moisture to the outside when treated with hydrophilic finishes, while insulating the body form environmental temperature for being high thermal resistance than cotton or polyester. Whereas cotton does not transfer the moisture it absorbs and holds the moisture [84]. 
1.3.3 Design and construction of firefighters’ protective clothing in 
Australia The firefighters’ protective clothing used in Australia is constructed according to the standard AS/NZS 4967:2009 [85] and AS/NZS 4824:2006 [86] . Generally in Australia the firefighters’ protective clothing is divided into two main categories: 
• Structural protective clothing 
• Wildland protective clothing Protective clothing designed for structural fire services are designed to perform differently than that used by wildland firefighters. Each type of protective clothing has its own limitations and is designed to perform different functions as discussed below [87].  
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Structural protective clothing Structural fire is year around task and can occur in urban, residential areas or work places. This type of fire stay contained in one general area rather than in large open areas and continuing for number of days. Thus, the structural  protective clothing is designed to provide protection   to the firefighters against high levels of radiant heat and direct contact with flames for short durations within the range of  20 - 50minutes [88]. Number of burn injuries has been found to decrease due to the use of structural protective clothing during exposure to high intensity heat for such short periods of time.  Structural protective clothing is thicker and heavier than wildland protective clothing due to presence of multiple clothing layers to fulfil the prime objective of this clothing is to provide the maximum protection from thermal hazard. However, increased protection against intense radiant heat by utilizing heavier, thicker protective gear increases the probability of heat stress injuries if the structural firefighters continues their physically activity for longer periods than those mentioned above  [70]. In Australia structural protective clothing is multilayered garment of different materials. Each layer has to perform specific purposes as discussed earlier. Construction must include an Outer Shell, Thermal Liner and a moisture barrier as example shown in fig.1-4. For outer layer PBI® or Nomex® is used. PTFE (polytetrafluoroethylene) laminated to a spun lace substrate of aramid material is used as moisture barrier and Nomex® or  Nomex® Comfort which is a blend of 93% meta-aramid, 5% para-aramid, 2% carbon fibre is used for inner layer [89, 90].              Figure 1-4. Structural protective clothing layers [90] In Australia, different manufactures are producing structural protective with minor variations of materials and designs to each other but all the garments have some common features which are given below: 
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Key features of Australian structural protective clothing [89, 90] 
• Liner removable from the outer shell 
• Fully sewn in Nomex® thread 
• Compression shoulder padding 
• Radio/Torch holder loops 
• Fully enclosing collar 
• 3M 50mm Firetrim® FR reflective tape 
• Padded knees 
• Bellowing cargo pockets 
• Aramid knitted wristlet and cuff well 
• Fully removable braces 
• Pleated elbow for improved elbow flexion 
• Under arm gusset for ease of movement  
• Bellowing radio pockets 
• Hook and loop tape waist tightening adjusters 
• Garments available in Regular, Long and Short fits 
• Braces available in Regular and Extra-Long sizes 
• Ample waist adjustment An example of Australian currently used structural protective jacket and trouser is presented in figs. 1-5 and 1-6.                 
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                      Figure 1-5. Structural firefighters’ protective jacket in existing design [90]              
PBI® binding 
Elbow patch 
Radio loop 
Effective opening 
Bellowing cargo pocket 3M   50mm Firetrim® FR reflective tape 
Aramid knitted wristlet and cuff well 
Arashield binding 
Fully enclosed collar fastened by FR hook and tape 
Shoulder padding 
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                            Figure 1-6. Structural firefighters’ protective trousers in existing design [90] 
Wildland protective clothing Wildland protective clothing is designed to be worn during bushfire or wildland fire. Wildland fires are sometimes prescribed burns, natural combustion or fires set accidently or on purpose by a human being to keep a forest area clean of dead shrubbery and overgrowth on the forest floor in hot summer. These are controlled burns much like burning leaves in a barrel but on a much larger scale. Wildland firefighters have to work for many hours of about 12-16 hours and sometimes for more 
Fully removable braces 
Hook and loop tape waist tightening adjusters 
Front waist opening fastened by 50mm FR hook and loop tape 
Bellowing cargo pocket 
Padded knees 
3M   50mm Firetrim® FR reflective tape 
Arashield binding 
Arashield binding 
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than 24 hours during initial attack phase of large wildland fire in hot summer. This situation may develop high levels of metabolic heat.  Firefighters working in this environment require the thermal protection from radiant heat and also they need to release heat generated by the body which, if not allowed to escape, can lead to injuries resulting from heat stress. In short, the goal of wildland personal protective clothing is to let heat out so that the body can cool itself [91].  Therefore, the wildland protective clothing is lighter, more flexible and commensurate than structural protective clothing.  Wildland clothing is designed to not only protect, but also to assist in managing metabolic heat of human body.  In Australia these garments are constructed using a single layer of durable FR materials as shown in fig. 1-7. Wildland protective garments are unlined and do not incorporate a moisture barrier. These garments are usually constructed from either meta or para-aramid and FR Cotton [89, 90, 92]. Some key features of Australian wildland protective clothing are given below: 
Key features of Australian wildland protective clothing [90, 92] 
• Large storm flap with snap closure for ease of donning and doffing 
• Extra length ensures generous trouser overlap, preventing exposure of under garments or skin while bending or reaching 
• Extra high collar stand protects neck from heat and flame exposure 
• Side vents with snap closure, for air circulation 
• Large bellowed front pockets with non-spill flaps for storage of bulky items and ease of access with gloves on 
• Velcro closure at wrists to ensure protection for the lower arm and snug fit with gloves 
• Velcro closure at ankles to eliminate flame penetration of lower legs in grass fires 
• Adjustable waist, ensuring a comfortable fit across all sizes 
• Large bellowed cargo pockets with non-spill flaps for storage of bulky items and ease of access with gloves on 
• Double skin knee for greater protection from convective heat as well as maximum durability 
• Fully sewn in Nomex® thread 
• Adjustable cuffs 
• Fully opening front (press stud fastened) 
• Bellowing cargo pockets 
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• Mic loop 
• Coat hem tightening draw cord 
• Elasticised waist 
• Double thickness knees 
• Side and through pocket An example of Australian currently used wildland protective clothing is presented in fig. 1- 7. 
 
 
 
 
 
 
 
 
 
                  Figure 1-7. Wildland protective clothing [92] From the fig. 1-5,1-6 and 1-7 it is revealed that these garments are well suitable to fit for male human body geometry. If females are also involved in this occupation 
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then, they might not perform efficiently in these kinds of protective clothing because of its weight, bulkiness and inappropriate fit for them which need to be addressed. 
1.3.4 Summary Modern firefighters’ protective clothing is highly technical protective equipment which consists of multiple layers.  Each layer should be able to perform its specific purpose. There are limited materials available which are suitable to use for firefighters’ protective clothing. The choice materials and the garment design and construction play a key role in providing enhanced physiological comfort to the firefighters. Presently in Australia, the existing design, construction and is used by both male and female firefighters.                    
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1.4 Conclusion   In this chapter, basic definitions of thermal, sensorial, ergonomic and psychological comforts are described. The detailed process of heat and moisture transfer through clothing is described in this section to enhance the understanding of thermal comfort.                    Further, thermoregulation processes of human body are discussed. Thermoregulation processes continuously try to achieve the equilibrium state for keeping the internal body temperature between acceptable levels (36°C – 38°C). The human body continuously produces heat by its metabolic processes. The heat is lost from the surface of the body by convection, radiation, evaporation and respiration. Human thermal comfort depends on the metabolic rate (internal heat production), the heat losses from the body and the climatic conditions. As is well-known, the thermal comfort attributes of clothing are affected by these parameters. Clothing reduces the body’s heat loss because the clothing materials and its design and construction have greater influence on heat and moisture exchange between the skin and clothing microclimate and the environment. The wearer may consciously assist the body to maintain its proper heat balance under exposure conditions by wearing suitable clothing.   In addition, an overview of the working environment faced by the fire fighters is given. It highlights the issues faced by the firefighters.  Reviewing these issues it is concluded that the risk of the problems faced by the firefighters can be reduced by the choice of better materials and appropriate design, construction and fit of their protective clothing as relevant to their human body. Their protective clothing needs further research in order to find the best suitable materials combination which may reduce the risk of heat stress and skin burns. Additional investigation is also required to explore the influence of different air gap size and distribution on thermal comfort attributes of different material assemblies and clothing. Improved garment fit and size is one of the key factors to enhance thermal comfort characteristics of the protective clothing. Therefore there is an extreme need to find an ideal fit for the firefighters especially for female firefighters which may be helpful to improve the thermal and ergonomic comfort for them. In the last section, an overview is given on the modern firefighters, protective clothing including the materials used and their design, construction and fit. This section describes that the modern firefighters’ protective clothing is highly technical protective equipment which consists of multiple layers.  Each layer should be able to perform its specific purpose. There are limited materials available which are suitable to use for 
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firefighters’ protective clothing. The choice materials and the garment design and construction play a key role in providing enhanced physiological comfort to the firefighters. In Australia, the firefighters’ protective clothing constructed according to the standard AS/NZS 4967:2009 and AS/NZS 4824:2006. Generally in Australia the firefighters’ protective clothing is divided into two main categories: structural and wildland protective clothing. The available design, construction and fit of firefighters’ protective clothing are used by both male and female firefighters which are particularly designed for males.                     
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2 Research aims, objectives and design Firefighters’ protective clothing is particularly designed to shield the fire fighters from the adverse environments associated with the fire fighting.  Thermal comfort attributes of clothing refers to heat and moisture exchange processes between human body and the environment.  In fire fighting the fire fighters are exposed to large amounts of heat from environment as well as to increased heat loads generated by the strenuous activities associated with fire fighting. As a result, the human body perspires heavily to alleviate these heat loads. In this situation, if the evaporation of sweating is inhibited by clothing, the highly efficient evaporative cooling associated with sweating will cease to function.  Eventually, the person will feel weak, dizzy and if these symptoms are ignored, may suffer from uncompensable heat stress  [1] . The findings of the previous research suggest that the garment design, fit and size in relation to human body geometry play a vital role  in determination of the thermal comfort attributes of protective clothing, in addition to   the physical and thermal comfort attributes of the materials used [2-4].  When the fit and size of the protective clothing are altered, the size and distribution of air gaps between the human body and the inner surface of clothing are changed and as a result   in the variations of heat and moisture exchange between the human body and the environment will also be changed. These variations finally  influence the  thermal comfort attributes of protective clothing [5].   Thus, during the course of fire fighting, fire-fighters need to be geared up with thermal protective clothing having adequate fit and size with regard to their body shapes in order to maintain their thermal comfort.  Over the last few years women are taking part in the professions which had been primarily reserved for men such as police, military, fire fighting. A survey of volunteer fire fighters across seven different rural fire service agencies in Australia revealed that the female fire fighters contribution ranges at 12-24% and  is increasing with every passing year [6]. At the moment, around Australia there are no specified designs of firefighters’ protective ensembles developed for female fire-fighters. They put on exactly the same protective jacket which is manufactured for male fire-fighters. Furthermore, the investigations which discuss the impact of design, style, construction and fit of firefighters’ protective clothing on thermal comfort aspects of clothing for females are quite limited. There is no anthropometric data available for anthropometric analysis of female fire-fighters within Australia to suggest a specified sizing system for them which may finally assist in manufacturing of the protective 
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jacket with improved fit and better thermal comfort attributes as compared to the existing jacket. However, regardless of  becoming  familiar with all  of these factors; there’s substantially  little realisation  concerned about the manufacturing of protective clothing specially engineered and developed for female fire-fighters [2].   Therefore these aspects render the challenge of developing a new protective jacket for Australian female fire-fighters of upmost significance to achieve the most satisfactory fit offering with enhanced thermal and ergonomic comfort with the following aims and objectives. 
Aims of the research 
• To introduce a new material combination for  female Australian firefighters’ protective jacket offering enhanced thermal comfort attributes 
• To initiate an innovative design, style and construction of protective jacket for female Australian firefighters’ offering best fit and size to them 
• To determine the significance of anthropometric evaluation studies for  female Australian fire fighters   
Objectives of the research 
• To determine the physical and thermal comfort  attributes of commercially available  knitted fabrics suitable for   skin layer garments made from natural and synthetic fibers intended for this use to select best performing fabric as relevant to thermal comfort attributes 
• To determine the physical and thermal comfort  attributes of commercially available protective fabrics made from natural and synthetic fibers intended for this use to select the best suitable protective assembly 
• To determine the relationship between  physical parameters and thermal comfort attributes of the skin layer fabrics and protective assemblies 
• To understand  the  moisture accumulation and transfer process in skin layer fabrics and firefighters’ protective fabric assemblies 
• To study the size and fit of current Australian representative firefighters’ protective jacket  
• To determine the impact of garment design, size and construction on garment  fit as relevant to female body form 
• To determine the best suitable fit for female Australian firefighters’ protective jacket in terms of improved thermal and ergonomic comfort, while maintaining its protective performance  
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2.1 Research hypothesis 
Null hypothesis The existing firefighters’ protective jacket offers suitable fit for both male and female firefighters. As a result this jacket is also appropriate to provide the similar thermal and ergonomic comfort to female firefighters as to male fire fighters. 
Alternative hypothesis In Australia male and female firefighters are using the protective jacket same in design and construction, which is not well designed and fitted for female body geometry and shape.  The appropriate combination of materials together with developed design, construction and fit of the protective jacket as relevant to female body form, can provide better thermal and ergonomic comfort to female fire fighters. 
2.2 Research questions 1. Which fiber, yarn and fabric type and structures are the best suitable to be used as skin layers for thermal and sensorial comfort in extreme hot conditions? 2. Which fiber, yarn and fabric type and structures are the best suitable for protective fabric assemblies to be used for new protective jacket for providing thermal and sensorial comfort to the female firefighters? 3. What is the effect of hydrophilic finishing treatments on properties of skin layer fabrics and protective assemblies as relevant to heat and moisture?  4. What is the impact of different air gap size and distribution on thermal comfort attributes of the firefighters’ protective assembly? 5. What is the existing design and fit of firefighters’ protective jacket for both male and female body forms? 6. How do the garment construction, size and fit affect the thermal comfort attributes of firefighters’ protective clothing? 7. What kind of protective jacket design, construction and fit is required for female Australian firefighters to enhance thermal comfort attributes of their protective jacket? 8. How to design a new protective jacket offering improved fit for female Australian firefighters? 
2.3 Research design For the accomplishment of the planned objectives of the study, the following approach was implemented (fig 2-1). Market research was conducted to examine the 
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current trends and choose the acceptable commercial knitted fabrics most common as base/skin layer and firefighters’ protective assemblies for this study. The skin layer fabrics were obtained in their finished state from Charles Parson Ltd, not any additional treatment was applied to them for experimental work. The skin layer fabrics were collected in their finished form and no further assessment was acquired for durability such as shrinkage, pilling and washing fastness etc. The protective fabrics suitable for outer, middle and inner layers were supplied by Australian Defence Apparel Pty. Ltd. to carry out preliminary investigations. Various garment style, construction and fit of existing firefighters’ protective clothing were observed and the protective bench mark ensembles representing the current trends were selected for the present study. Every component (fibre, yarn, fabric and garment) of the selected skin layers and protective ensembles were analysed. A definite number of various skin layer fabrics and protective fabric assemblies were then nominated to continue further experimental work. A range of the following properties and attributes of the skin layer fabrics and protective assemblies were investigated, 
• Physical and structural properties 
• Thermal and sensorial comfort properties The physical and structural properties which were determined are: fabric structure, fabric mass per unit area, thickness, stitch density (course/cm and wales/cm), air permeability and optical porosity. Thermal comfort properties included thermal and vapour resistance, thermal conductivity and liquid moisture transfer. Fabric friction and fabric surface roughness were measured to determine sensorial comfort properties for the fabrics which have to be used next to skin of the wearer. In the present study, skin layer fabrics and inner layer fabrics of protective assemblies were evaluated for sensorial comfort properties.  The most suitable skin layer materials and protective fabrics were identified based on their performance regarding thermal comfort attributes. The selected protective fabrics were also evaluated as assemblies. Each assembly had outer layer, middle layer and inner layer.   For the rest of the study, the jackets in different sizes were made from the best performing protective fabric assembly using existing design, construction and fit. These jackets were further explored for fit analysis and impact of fit on thermal comfort characteristics of jacket on wearer. The protective fabric assemblies conform to the protection levels as required by standard  AS 4967: 2009 [7]. For that reason the selected protective fabric assemblies were not assessed for their protective attributes and only thermal comfort 
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characteristics were examined. The size, shape and fit of the garment with regard to human body shape change the thermal comfort attributes of garment due to existence of air gaps in the microclimate of clothing and human body. Thus, in the study an attempt was made to explain the way in which the presence of air gaps impacts on thermal and vapour resistance of protective fabric assemblies and finally the protective jacket.  To determine the size and fit of the protective jacket made from the best performing protective assembly using existing design, construction and fit, thermal manikin Newton in both male and female forms was used. The manikin was scanned in both forms with jackets in two different sizes by using 3D body scanning technology. Further to that, the same jacket in two different sizes was assessed for thermal comfort characteristics (thermal and vapour resistance) by using thermal manikin in both male and female forms. Finally, this protective jacket was assessed subjectively to obtain the subjective response regarding its thermal and ergonomic comfort. The outcomes from both objective and subjective assessments were then analysed and recommendations were made for constructing and manufacturing the new prototype jacket for female Australian fire fighters. The new prototype jacket was designed and manufactured and assessed again both objectively and subjectively and the results were compared with the results of the protective jacket with existing design and fit. Final conclusions and recommendations were given for further developments. 
49 | P a g e   
Analysis of selected benchmark samples of protective fabrics and skin layer fabrics 
Selecting samples representative of the current protective fabrics 
 
Conducting market research 
Selecting a range of Australian firefighters’ protective assemblies and Skin layers  representing current trend for experimental study  
Evaluation of thermo physiological and sensorial comfort properties 
• Thermal properties (Thermal and vapour resistance) 
• Liquid moisture transfer 
• Fabric surface properties  
• Analysis of fibres used 
• Analysis of yarns 
• Analysis of individual fabrics 
• Analysis of different assemblies 
• Analysis of garment construction in different ensembles 
 
Different protective fabrics  
Protective fabrics include: 
• Outer layer 
• Moisture barrier  
• Thermal liner/Inner layer 
Determination of physical properties of selected skin layer and protective fabrics and  
• Fibre compostion 
• Yarn structure 
• Fabric structure 
• Fabric thickness (mm) 
• Fabric mass per unit area(g/m2) 
• Fabric density 
• Fabric air permeability 
• Fabric porosity 
 
Selection of best performing skin layer, protective fabrics and protective fabric assemblies for experimental study  
• Skin layer 1 
• Skin layer 2 
• Skin layer 3 
• Skin layer 4 
• Skin layer 5 
• Skin layer 6  
Continued to next page..... 
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Determination of influence of air gap size and distribution on thermal and vapour resistance for selected protective assembly 
• Effect of different air gap size and distribution on thermal and vapour resistance 
• Determination of the most favourable air gap size to maximize thermal comfort attributes 
 
Objective evaluation of thermal  comfort attributes  in relation to the existing  fit and size of the protective jacket 
• On  male form of the thermal manikin  
• On female form of the thermal manikin  
Analysis of results/findings 
• Recommendations for  new protective jacket  for female Australian firefighters making ideal fit with modified materials 
• Production of sample prototype of protective jacket for females 
• Objective assessment of  prototype jacket for fit and thermal  comfort attributes  
• Subjective assessment of prototype protective jacket for size, fit and ergonomic comfort  
 
Investigation into fit of firefighters’ jackets having existing design and fit to female body form 
• Quantifying  air volume entrapped when male form of the manikin dressed in protective  jacket of existing design and fit in two sizes 
• Quantifying  air volume entrapped when female form of the manikin dressed in two different jacket sizes 
 
Subjective assessment of firefighters’ jacket having existing design and fit for size, fit for thermal and ergonomic comfort to female body form  
Final conclusion and recommendations for further developments 
Manufacturing of the firefighters’ jacket from the best performing protective assembly in existing design, construction and fit 
Continue from previous page 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      Figure 2-1. Research design 
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2.4 Materials and Methods 
2.4.1   Materials Following materials were used: 
• Skin layer fabrics suitable for skin layer garments in extreme hot conditions 
• Protective fabric assemblies  ( A and B ) and seven different inner layer fabrics most commonly used as inner layers for protective garments (Each assembly has Outer layer, moisture barrier and thermal liner/inner layer) 
• Firefighters’ protective jackets made of protective  assembly B in two different sizes (small and medium) 
2.4.2   Methods 
2.4.2.1   Physical parameter and attributes 
Fabric mass per unit area: Five specimens of 100mm×100mm from the fabric samples were prepared and each of the specimens was weighed by measuring balance. The mass per unit area was calculated as the mean mass per unit area [8]. Fabric 
thickness: The thickness of fabric samples was measured as the distance between the reference plate and parallel presser foot of the thickness tester [9]. Fabric density: The number of weft/courses and warp/wales in an accurately measured length of fabric were counted along a line at right angles to the warp/wale or weft/course being considered [10]. Fabric air permeability : SDL Atlas air permeability tester was used to determine the resistance of a fabric to the passage of air through it. This measures the air permeability of textile fabrics by drawing air through the specimen with a vacuum pump. It has four flow meters covering a range of air flows from 0.05 mL/sec to 416mL/sec. Flow meters are selected by switches on the front of the machine. Valves regulate the flow of air through the specimen and the selected flow meter (fig. 2-2).  
 Figure 2-2. Fabric air permeability tester 
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The flow meter reading is being taken when the manometer indicates the selected pressure drop. The air pump is connected to the instrument by a hose. To test the air permeability of the fabric the fabric specimen is clamped over the air inlet orifice with the outer face of the fabric towards the air inlet. The air flow is adjusted so that a steady pressure drop of 0.98mbar is registered on the pressure gauge. The air flow is then recorded. For the present study the air permeability for the sample fabrics were determined according to the ISO 9237 [11]. According to standard ISO 9237, for apparel fabrics the pressure drop should be between 0-100Pa. For the present study, all the tests were conducted at pressure drop of 50Pa. 
Fabric porosity: Porosity was determined by measuring the total volume of a fabric and calculating the total volume of fibre in the sample. The difference between these two values is considered as air space and when calculated as a percentage of the total volume, it gives the porosity. Porosity was calculated based on the following formula [12], 
 𝑃 = 100 �1 − 𝑊
𝐷𝐴𝑇
�                            Eq. 2-1                                          Where, 
P – Fabric porosity in % 
A - Area of the sample in m2 
W - Mass of the sample in g 
T - Thickness of the sample in mm 
D - Density of fibre in g/m3 
2.4.2.2   Thermal comfort attributes 
Liquid moisture transfer For evaluation of fabrics’ moisture management properties Moisture Management Tester (MMT) was used according to American Association for Textile Chemists and Colourists (AATCC) Test Method 195–2009 [13]. The Moisture Management Tester (MMT) is an instrument used to dynamically test the liquid moisture management capabilities of textiles such as knitted and woven fabrics. This instrument consists of upper and lowers concentric moisture sensors. The fabric sample is placed between the two sensors (Fig. 2-3).      
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            Figure 2-3. Schematic view of tester sensors [14] MMT is designed to sense, measure and record the liquid moisture transport behaviors in multiple directions: outward on the top (next to skin) surface of the fabric, through the fabric sample from the top to the bottom (opposite) surface, and outward on the bottom surface. When moisture is transported in a fabric, the contact electrical resistance of the fabric will change and this change will depend on two factors: the components of the water and the water content in the fabric. Thus when the influence of the water components is fixed, the electrical resistance measured is only related to the water content in the fabric [14, 15]. It is important to note that the electrical resistance of wet textile fabrics also depends on the fabric, fibre composition and content, fibre polymer (where fibres themselves exhibit different electrical conductivity or virtually no conductivity). In order to simulate sweating 0.15g of special solution (including NaCl) is introduced onto the fabric’s top surface automatically by the instrument. In the present study the technical back of the fabric samples is always a top surface (facing the top sensor) when the sample is tested, imitating the case where the technical back is in direct contact with the skin. 
Moisture management tester indices A series of indexes are defined and calculated to characterize liquid moisture management performance of the test sample by using moisture management tester, which are as follow; 
• Top wetting time WTt and bottom wetting time WTb; WTt and WTb are the indices to demonstrate the time periods in which the top and bottom surfaces of the tested fabrics get going to wet after starting the test.  
54 | P a g e   
• Top absorption rate (ARt) and bottom absorption rate (ARb); ARt and ARb are the average moisture absorption rates of the specimens on the top and the bottom surfaces during the rise of water content, respectively. 
• Top max wetted radius (MWRt) and bottom max wetted radius (MWRb); each maximum wetted radius (MWRt and MWRb) is defined as the maximum wetted ring radius at the top and bottom surfaces, respectively. 
• Top spreading speed (SSt) and bottom spreading speed (SSb); SSt and SSb are defined as the accumulative spreading speed from the centre to the maximum wetted radius 
• Accumulative one-way transport index (AOTI) and overall moisture management capacity (OMMC); AOTI is the difference of the accumulative moisture content between the two surfaces of the fabric. The AOTI reflects the one-way liquid transport capacity from the top (inner) surface to the bottom (outer) surface of the fabric. The OMMC is an index indicating the overall capacity of the fabric to manage the transport of liquid moisture, which includes three aspects [14]: 1. Average moisture absorption rate at the bottom surface 2. One-way liquid transport capacity 3. Maximum moisture spreading speed on the bottom surface The larger the OMMC is the higher the overall moisture management ability of the fabric. According to AATCC Test Method 195–2009 [16], the indices are graded and converted from value to grade based on a five grade scale (1–5). The five grades of indices represent: 1 – poor, 2 – fair, 3 – good, 4 – very good, 5 – excellent. Table 2-1 shows the range of values converted into grades [17].            
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Table 2-1.  Grading of MMT indices [13] Index Grade        1                             2                             3                            4                       5 Wetting time Top ≥120 20-119 5-19 3-5 <3  No wetting Slow Medium Fast Very Fast  Bottom ≥120 20-119 5-19 3-5 <3  No wetting Slow Medium Fast Very Fast Absorption rate Top 0-10 10-30 30-50 50-100 >100  Very slow Slow Medium Fast Very fast  Bottom 0-10 10-30 30-50 50-100 >100  Very slow Slow Medium Fast Very fast Max. wetted radius Top 0-7 7-12 12-17 17-22 >22  No wetting Small Medium Large Very large  Bottom 0-7 7-12 12-17 17-22 >22  No wetting Small Medium Large Very large Spreading speed Top 0-1 1-2 2-3 3-4 >4  Very slow Slow Medium Fast Very fast  Bottom 0-1 1-2 2-3 3-4 >4  Very slow Slow Medium Fast Very fast AOTI Top <−50 −50 to 100 100-200 200-400 > 400  Poor Fair Good Very good Excellent OMMC Bottom 0.0.2 0.2-0.4 0.4-0.6 0.6-0.8 > 0.8  Poor Fair Good Very good Excellent 
Thermal and Water vapour resistance  Thermal resistance and water vapour resistance of fabrics were evaluated using a sweating guarded hot plate according to ISO 11092 [18]. Sweating guarded hot plate is able to simulate both heat and moisture transfer from the body surface through the clothing layers to the environment. It measures both the thermal resistance (insulation value) and water vapour resistance of fabrics. As schematically shown in fig. 2 -4, the apparatus consists of the measuring unit, temperature controller and water supply unit. The measuring unit, fixed to a metal block with heating element (thermal guard) and a square porous metal plate with 3mm thickness. The test section in the centre of the plate is surrounded by the guard heater, which prevents lateral heat leakage from the edges of the specimen. The bottom heater beneath the test section can prevent the downward heat loss from the test section and guard heater section. This arrangement drives heat or moisture to transfer upward only along the specimen thickness direction. 
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Figure 2-4. Schematic diagram of sweating guarded hot plate[19] A fabric or layered fabric system with a size of 30 cm × 30 cm is mounted on the square porous plate that is heated to a constant temperature that approximates body skin temperature (i. e., 35°C). The plate temperature is measured by the sensor sandwiched directly underneath the plate surface. The electrical power is recorded. The whole apparatus is housed in a chamber so that the environmental conditions can be carefully controlled [19]. For the determination of thermal resistance of the sample, the air temperature is set to 20 °C and the relative humidity is controlled at 65%. Air speed generated by the air flow hood is 1 m/s. After the system reaches steady state, total thermal resistance of the fabric is governed by:                                        Rct = A(Ts – Ta) / H –Rct0                        Eq. 2-2                      Where, 
Rct  - thermal resistance of the fabric in W/m2 
A - the area of the test section in m2  
Rct0 - thermal resistance of the boundary air layer in W/m2 
Ts  - the surface temperature of the plate in K 
Ta  - the temperature of ambient air in K 
H  - the electrical power in Watts 
Water level at the level of porous plate 
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Where the fabric thermal resistance was very low for very light and thin fabrics, the results were converted into thermal conductivity and comparison was carried out on the thermal conductivity rather than thermal resistance. Thermal conductivity is the reciprocal of thermal resistance per unit thickness as:  k = d/Rct                                    Eq. 2-3                          Where,  
K - thermal conductivity in Wm-1K-1 
Rct - thermal resistance in m2KW-1 
d- thickness of specimen in m. To measure the water vapour resistance of the fabric, distilled water is fed to the surface of the porous plate from a dosing device. The dosing device is activated when the water level in the plate is about 1mm below the plate surface. The water entering the measuring unit is preheated by passing through the guard heater section. A level switch is connected to the measuring unit to maintain a constant rate of evaporation. A piece of smooth, water vapour permeable, liquid water impermeable barrier (namely membrane) is fitted over the plate. The air bubbles and wrinkles beneath the membrane need to be smoothed out from the centre outwards to the guard heater section. The test fabric is placed above the membrane. The electrical power to maintain the plate at a constant temperature of 35 °C is an indicator of water evaporation rate. Air temperature is set at 35 °C and relative humidity is controlled at 40% [19]. After a steady state is reached, the total evaporative resistance of the fabric is calculated by:  Ret = A(Ps – Pa)/ H – Ret0                             Eq. 2-4 Where, 
Ret - total vapour resistance provided by liquid barrier and fabric in m2KPa/W 
A - The area of test section in m2 
Ps - The water vapour pressure at plate surface in Pa 
Pa - The water vapour pressure of the air on Pa 
Ret - total vapour resistance provided by the boundary air layer in m2KPa/W 
H - The electrical power in Watts 
Permeability index The moisture permeability index Im, developed by Woodcock, is an indicator of the evaporative performance of a fabric. Permeability Index is dimensionless, and has values between 0 and 1. A value of 0 implies that the fabric is water-vapour impermeable, that is, it has infinite water-vapour resistance, and a fabric with a value 
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of 1 has both the thermal resistance and water-vapour resistance of an air layer of the same thickness [20]. It is given as, 
 𝐼𝑚   =    𝐾.𝑅𝑐𝑡𝑅𝑒𝑡                             Eq. 2-5  Where, 
Im - Permeability Index 
Rct - Dry thermal resistance in m2.°C/W 
Ret - Evaporative resistance in m2. Pa/W 
K - Constant (60.6515 Pa/° C) It was used to find the permeability of the protective fabric assembly when investigated under different air gap size and distribution. 
Sensorial comfort properties  To measure the fabric surface properties corresponding to the human senses of “Numeri”(smoothness) and “Zaratsuki” (roughness), the KESFB4-A, Kato Tech Co.Ltd. Evaluation System was used [21, 22].  The system acquires data from two sensors measuring the frictional coefficient and the roughness of the fabric surface simultaneously in three different areas within a fabric sample of 20cm x20cm. The frictional coefficient MIU is calculated by averaging the output over the distance between 0 to 20mm and is defined as:  MIU=F/P                            Eq. 2-6 
                     Where, 
F- frictional force in  N 
P- sensor load in N The geometrical Surface Roughness Mean Deviation (SMD) is the value obtained by eliminating the low frequency harmonic wave by filtering the measurement curve through the low-cut filter, extracting the frequency components higher than 1mm/sec and by integrating over the absolute value of the distance moved from the standard position along the path taken by the sensor and is expressed as follows:  SMD=1/Lmax∫Lmax0|Z0-Z|dL,                           Eq. 2-7 Where Lmax is the distance travelled by the sensor over the fabric, and Z0 is the standard sensor position.  
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The value of the friction coefficient (MIU), the mean deviation of the coefficient of friction (MMD), and the roughness signal are recorded individually and simultaneously for the “go and return” stroke. Measurements were taken three times in the warp/wales direction and then three times in the weft/courses direction.  All the fabrics were tested on the side which is next to skin during the practical wear of the garments and the evaluation of the fabrics was carried out having particulars that: 
• The value of MIU ranges from 0 to 1 and as its approaching value of 1 is interpreted as increasing friction and decreasing smoothness. 
• The value of SMD ranges between 0 and 20 and as its approaching value of 20 is interpreted as the increase in the surface roughness and surface irregularities.  
Thermal comfort properties of firefighters’ protective jackets Standard test methods, ASTM F1291-10 and ASTM F2370-10, were used to determine thermal  and water vapour  resistance of garments using a heated manikin [23, 24]. A thermal manikin Newton (MTNW, Seattle, WA, USA) supplied by Measurement Technology Northwest was used to measure the heat flux, thermal resistance and evaporative resistance of the garments. The manikin has 20 zones and each zone could control its heat flux/skin temperature and sweat rate (fig. 2-5). The skin surface temperature and heat flux of each zone were obtained directly from MTNW’s ThermDAC software. The whole manikin system was placed in a controllable climatic chamber, where various environments can be simulated. Each zone of the manikin corresponds to a theoretical human body zone e.g. zone 9 at front refers to chest of the manikin; zone 10 refers to the shoulders etc. (Table 2-2).            In the present static experimental study the total thermal resistance of firefighters’ protective jacket IT, this includes boundary air layer; and total evaporative resistance of firefighters’ protective jacket ReT which also includes boundary air layer, were calculated and compared. The intrinsic thermal resistance and evaporative resistances (Icl and  Recl) of experimental jackets were not addressed.          
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                                                              (a)             (b)  Figure 2-5. Thermal manikin Newton in male form: a) Front   b) Back Table 2-1-2. Manikin zones and corresponding body segments  Manikin zone Body segment Manikin zone Body segment 1 Face 11 Stomach 2 Head 12 Back 3 R Upper Arm 13 R Hip 4 L Upper Arm 14 L Hip 5 R Forearm 15 R Thigh 6 L Forearm 16 L Thigh 7 R Hand 17 R Calf 8 L Hand 18 L Calf 9 Chest 19 R Foot 10 Shoulders 20 L Foot  
Data Analysis ThermDAC performs numerous automatic data analysis functions, including thermal, vapour resistance and Area Weighted Averages. All of these calculations are performed on data which has been logged to the .csv file (i.e. based on the user – defined logging interval). Further data analysis can be performed easily by opening .csv file in Excel or another Windows spread sheet program. The following equations are used for calculations: 
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Total thermal resistance IT [23] It is calculated by the following formula for each zone in SI units  
   𝑰𝑻  =  (𝑻𝒔𝒌𝒊𝒏 − 𝑻𝒂𝒎𝒃)𝑸/𝑨               Eq.  2-8 Where, 
IT – Total thermal resistance of clothing including the boundary air layer in m 2K/W; 
Tskin  - Zone average temperature  in K; 
Tamb  - Ambient air temperature in K; 
Q/A - Area weighted heat flux in W/m2. 
Total evaporative resistance, ReT [24] It is calculated for each zone by the following formula, 
 𝑅𝑒𝑇            = (𝑃𝑠𝑎𝑡  −𝑃𝑎𝑚𝑏)𝑄/𝐴−[(𝑇𝑠𝑘𝑖𝑛− 𝑇𝑎𝑚𝑏) ]/𝐼𝑇                    Eq. 2-9                                     Where, 
ReT – Total evaporative resistance of clothing including the boundary air layer in m2 KPa/W;  
Psat - Saturation vapour pressure at the manikin skin surface in kPa; 
Pamb - Vapour pressure in the ambient air in kPa; 
Q/A - Area weighted heat flux in W/m2; 
Tskin - Zone average temperature in K; 
Tamb - Ambient air temperature in K. 
IT – Total thermal resistance of clothing and boundary air layer in m 2K/W Permeability Index (Im) 
 𝐼𝑚   =    𝐾. 𝐼𝑇𝑅𝑒𝑇                           Eq. 2-10 Where, 
Im - Permeability Index 
IT – Total thermal resistance of clothing including the boundary air layer in m 2K/W 
ReT – Total evaporative resistance of clothing including the boundary air layer in m2 KPa/W K - Constant (60.6515 Pa/° C) Permeability index was also used to calculate the permeability of the protective jackets in different sizes when evaluated on male and female forms of the manikin. 
Calculation methods 
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The total thermal insulation and vapour resistance (IT and ReT) could be calculated by parallel and serial methods  [23]. 
• Parallel Method 
• Serial Method In the parallel method the area-weighted temperatures of all body segments are added and averaged, the power levels to all body segments are added and the areas are summed before the total resistance is calculated, which is given by, 
 𝐼𝑇𝑝 = [(∑ 𝐴𝑖 𝐴 ×  𝑇𝑠𝑘𝑖)   −  𝑇𝑎20𝑖=10.155  ×  ∑ 𝐻𝑖𝑛20𝑖=1    Eq. 2-11             Where ITp is the total thermal resistance of a clothing ensemble by parallel method in m 2K/W; Ai is the total surface area of the segment i and A is the total surface area of the thermal manikin, m2 ; Tski is the local surface temperature of the segment i of the manikin in K, and Ta is the air temperature in° K; Hi is the local heat loss of the segment i of the manikin in W/m2. The total evaporative resistance ReT, was calculated using the heat loss option in a parallel way[25]:    𝑅𝑒𝑇_ℎ𝑒𝑎𝑡,𝑝  =  (𝑃𝑠𝑘𝑖𝑛 − 𝑃𝑎𝑚𝑏)
∑ (𝐴𝑖  ×𝐻𝑒𝑖𝐴 )𝑛𝑖=1                                      Eq. 2-12 Where  𝑅𝑒𝑇_ℎ𝑒𝑎𝑡,𝑝 is the total evaporative resistance calculated by the parallel heat loss methods in kPam2/w; A and Ai are the total sweating surface area and segmental sweating surface area of thermal manikin, respectively, m2; i is number of zones of the sweating thermal manikin; Pskin is the water vapour pressure on the whole fabric skin surface, kPa; Hei is the segmental evaporative heat loss, W/m2.               The parallel method is preferred when the manikin is set on a uniform surface temperature rather (which was the setting for present study) than the serial method.  However, if the manikin is working on the principle of uniform heat flux distribution then the serial method is more suitable. The serial method was not used because it overestimates the effect of the actual thermal and vapour resistance when measured on a thermal manikin working on the principle of homogenous surface temperature distribution [26, 27]. 
2.4.2.3   3D body scanning technology For the analysis of the fit of the firefighters’ protective jackets, 3D body scanning technology was used. In the present study, 3D body scanner of NX-16 Textile Clothing 
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Technology Corporation [TC] ² was used. This is a white light scanner and it generates 3D image in point cloud form with extracted measurements through automatic body measurement software.   The scanner captures hundreds of thousands of data points of an individual's image, and the software automatically extracts dozens of measurements. This measurement information can be used in a number of ways as shown in fig. 2-6 [28].            (a)                                                                     (b) Figure 2-6. a) 3D point cloud data    b) extracted measurement 
2.4.2.4   Developed methods Some developed methods were also used to accomplish the following tasks: 
• To determine the influence of different air gap size and distribution on thermal and vapour resistance of protective fabric assembly 
• To investigate the fit of the jacket having existing design and fit to female body form and the also the fit evaluation of new prototype jacket 
• Subjective assessment of the jackets for fit, size and ergonomic comfort. The details of these methods will be discussed in chapter 5. 
2.4.2.5 Ethics approval Ethics approval for the subjective assessment of the jacket was obtained from RMIT University Human Research Ethics Committee (CHEAN A-2000605-11/11). 
2.4.2.6   Statistical treatment of data Statistical analysis of data was also carried out by using the number of tools including bar charts, Students’t-test, one way Anova and factorial design analysis.  
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Bar charts were used to present the data with error bars indicating the variations in each of the  specimens of a sample data [29]. Students’ T-test was used for comparing the means of two samples (or treatments), even if they have different numbers of replicates. In simple terms, the t-test compares the actual difference between two means in relation to the variation in the data (expressed as the standard deviation of the difference between the means) [29]. One way Anova was employed to determine that if one given factor (measurement variable) has a significant effect on other factor (nominal factor).  The p- value resulting from one way Anova was interpreted according to “α” to find the level of significance. Multiple observations of the measurement variable are made for each value of the nominal variable [30].  A 2×2 factorial design analysis was also applied to find the impact of body shapes and size variations on thermal comfort attributes of protective jacket. The factorial experiment is an experiment whose design consists of two or more factors, each with discrete possible values or "levels", and whose experimental units take on all possible combinations of these levels across all such factors. A full factorial design may also be called a fully crossed design. Such an experiment allows studying the effect of each factor on the response variable, as well as the effects of interactions between factors on the response variable. For the vast majority of factorial experiments, each factor has only two levels. For example, with two factors each taking two levels, a factorial experiment would have four treatment combinations in total, and is usually called a 2×2 factorial design  [29].  
2.5 Limitations Initially, the study was planned to incorporate the following tasks: 
• 3D body scanning of male firefighters wearing the protective jacket of size  L 
• 3D body scanning of female firefighters wearing the protective jacket of size M  
• Surveys  to acquire the feedback of the firefighters about the ergonomic and thermo physiological comfort of current protective jackets But unfortunately these tasks could not be accomplished due to the lack of required numbers of participants. 
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3 Thermal comfort properties of skin layer fabrics used in fire 
fighting and firefighters’ protective assemblies 
3.1 Introduction Thermal comfort characteristics of clothing includes the heat and moisture (vapour and liquid moisture) transport through clothing. Clothing should ensure appropriate heat exchange between the human body and its environment in order to maintain the physiological thermal balance of the wearer. Fire-fighting is an exhaustive physical task which generates excessive body heat, while extremely hot working environment also results in substantial elevation of the core body temperature. The ability to lose body heat by evaporation of sensible liquid sweat or through insensible vapour is crucial to a person under heat stress [1]. To reduce this elevated temperature to normal, the body perspires in liquid and vapour form. To keep body temperature at within acceptable level (36°C-38°C) the evaporation of perspiration is necessary. Evaporation is an endothermic process which allows the lowering of the temperature providing a physiological comfort to the human body [2]. Therefore, to provide thermal comfort to the wearer the garment next to the skin must have the following important characteristics: ability to transfer heat, absorb vapour and liquid perspiration from skin and then transfer these to the outside of the garment [3]. All these clothing  attributes rely in return on heat transfer and  moisture (liquid and vapour)  management capabilities, porosity and air permeability of the fabrics, yarns and fibers used [4]. Fabrics possessing superior wicking properties provide a drier sensation because of   the quicker transportation of the liquid moisture through the fabric. For this reason,  the fabrics which are considered a good choice for the next to skin use also need to have higher wicking and wetting properties to help in keeping  the skin free of liquid moisture [3, 5].  The fibers must be wetted before wicking of the liquid water into the fabric will occur. If fibers are not wetted by  liquid, it does not wick into the fabric [6, 7]. This entire phenomenon is known as “moisture management properties” of the fabric [4].   Modern fire-fighters’ protective clothing is a layered material structure which typically consists of a flame-resistant outer shell and a number of inner layers. The inner layers are generally composed of a moisture barrier, thermal barrier and an inner liner. Skin layer garments are those which are worn next to skin as undergarments to firefighters’ protective clothing however, frequently firefighters do not use any kind of undergarments, and then in this case the inner layer of protective 
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clothing becomes the fabric worn next to the skin. When firefighter is performing a task in a fire, the heat and perspiration generated by the body is trapped inside the protective clothing and may lead to heat stress. Therefore, the system of multilayered protective garments and the skin layer garments must be chosen with utmost care to balance the thermal protection required and the thermal comfort of the wearer [8]. The thermal comfort characteristics of  fabrics are affected by the type of fiber, yarn spinning method, count, twist and hairiness, fabric thickness cover factor, porosity and finish applied [9].  Milenkovic et al. demonstrated that fabric thickness, amount of still air enclosed within the fabric and external air movement are the major factors that affect the heat transfer through fabric. The still air increases the thermal resistance of the fabric [10]. In addition, Majumdar investigated knitted fabrics made from 100% cotton, 100% regenerated bamboo cellulosic fibres and cotton/bamboo fibre blends using different yarn counts in plain, rib and interlock structures for their thermal properties. He concluded that thermal conductivity of knitted fabrics reduced with the increase of the proportion of bamboo fiber in the yarn. The water vapour permeability showed simultaneous increase as the proportion of bamboo fibre increased with cotton fiber [11, 12].  Wardiningsih and Troynikov investigated the moisture management properties of knitted fabrics produced from regenerated bamboo having different cover factors. The study revealed that overall moisture management capacity decreased with the increase in cover factor for all the fabrics  [13]. Later on they also investigated nine different double layered knitted fabrics produced from wool, bamboo and polyester blends with wool in different ratios. It was found that blending of wool with bamboo or polyester improved the overall moisture management properties than 100% wool or bamboo fabric.  The authors also concluded that it’s not sufficient to rate the fabrics for thermal comfort on the basis of moisture management properties only. The thermal and vapour resistance along with moisture management properties should also be taken into consideration while rating the fabrics for thermal comfort [14].  However, on the basis of these investigations it may not be easy to obtain the most effective fabrics to be considered for skin layer garments and protective fabric assemblies as relevant to thermal comfort attributes to use in extreme hot conditions. A lot of outcomes of available research are needed to take into account when manufacturing various types of fabrics for certain end uses. Thus in this chapter, six commercially available knitted fabrics suitable for skin layer garments and different protective fabrics including outer layers, middle layers and inner layers were investigated. The selected skin layer fabrics were those which 
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are most commonly used as undergarments. The influences of fabrics’ physical parameters on thermal comfort properties were examined and the best performing fabrics regarding heat and moisture (liquid and vapour) exchange attributes, for skin layer garments and firefighters’ protective jacket were selected. The best performing protective fabrics as relevant to their thermal comfort attributes were grouped into protective fabric assemblies A and B. Further evaluation of protective fabric assemblies of A and B were carried out through mathematical modeling not only at materials level but also at the garment system level to ensure adequate prediction of thermal responses when using these two ensembles.                            
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3.2 Thermal comfort properties and attributes of fabrics suitable for 
skin layer garments The significant part of this section is published as  N.Nawaz, O. Troynikov, and Watson C. Thermal comfort properties of knitted fabrics suitable for skin layer of 
protective clothing worn in extreme hot conditions. Advanced Materials Research, 2011. 331: p. 184-189. In this section six commercially knitted fabrics consisting of different fiber blends and of different knitted structures acceptable for skin layer garments worn in extremely hot conditions were assessed. This investigation was carried out to determine the best knitted fabrics for use as skin layer garments based on their thermal comfort attributes.  
3.2.1 Materials and methods 
Materials Six commercially available knitted fabrics SJ1-IM2 (Table 3.1-1) of different constructions and fiber blends were studied. SJ2 and SJ4 (Table 3.2-1) are two fabrics having intimate fiber blending in yarns used and then knitted into the fabrics using single jersey construction. IM2 has yarn blending of 100% wool yarn with 100% BiophylTM yarn in fabric structure where the face side of the fabric is constructed of BiophylTM yarn and its back side (used next to skin) is constructed of wool yarn. The back side of the fabric is constructed as “half-needle” interlock which results in slightly ribbed surface topography. 
Test methods Fabric mass per unit area, fabric thickness, fabric density and fabric optical porosity were determined according to the methods mentioned in chapter 2 [15-18]. Thermal resistance and vapour resistance of fabrics were  measured using a sweating guarded hot plate ISO 11092  [19]. Thermal conductivity was calculated from fabric thermal resistance which was determined using sweating guarded hot plate according to ISO 11092 [19]. The thermal conductivities of the fabrics were compared rather than thermal resistance as the fabrics were very thin and thermal resistance offered by them was very small. Therefore the analysis was based on comparing thermal conductivity and vapour resistance of the sample fabrics with each other. For evaluation of fabrics’ moisture management properties Moisture Management Tester (MMT) was used according to American Association of Textile Chemists and Colourists (AATCC) Test Method 195–2009 [20].  More details of all methods and  instrument are presented in Chapter 2. 
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Bar charts were used to present the data. Pearson correlation analysis was carried out to determine if corelation exists between fabric thermal properties and their physical parameters.     The Pearson correlation coefficients were calculated for fabric thickness and thermal conductivity and for fabric thickness and vapour resistance. These were also calculated for fabric optical porosity versus thermal conductivity and vapour resistance. 
3.2.2 Results and discussion 
Physical parameters Table 3.2-1. Physical and structural properties of sample fabrics 
 Physical properties of fabrics demonstrate that fabrics SJ1 and SJ2 have similar thickness and stitch density to each other. SJ2 is 12% heavier than SJ1 which is most likely caused by the higher density of SJ2 as being a blend of wool and bamboo fibers. SJ3 is a 100% cotton fabric and also it has more open structure compared to SJ1 and SJ2 on the account of their different stitch density. SJ4 is heavier and thicker than SJ1, SJ2 and SJ3 with similar stitch density to SJ1, SJ2 and SJ3; its higher thickness and mass/unit area is greater as a result of blending of wool with continuous filament elastomeric fibers. IM1 and IM2 have identical fabric structure to each other but, being double-jersey fabrics, these are different in construction to other sample fabrics of the 
Fabric  code Fibre composition Construction Mean Fabric mass/unit area [g/m2] 
Mean Fabric thickness [mm] 
Mean No. of Wales/cm 
Mean No. of courses /cm 
SJ1 100% Merino wool Single Jersey 139 0.35 18 18 SJ2 60% Merino Wool/ 40% Bamboo 
Single Jersey 156 0.34 18 18 
SJ3 100%Cotton Single Jersey 149 0.47 16 20 SJ4 94% Merino wool/ 6% Elastane 
Single Jersey 185 0.55 18 20 
IM1 100%Polyester Interlock based mock mesh 168 0.61 16 16 IM2 52% Merino wool / 48% Biophyl 
Interlock based mock mesh 216 0.97 12 16 
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study. IM2 is the heaviest and thickest fabric among all the sample fabrics of this study, and has different wales/courses stitch densities which is due to the use of coarser yarns and coarser knitting machine gauge. 
Thermal conductivity and vapour resistance In fig. 3.2-1 mean values fabric optical porosity (OP%), thickness and thermal conductivity(k) for all the sample fabrics are shown.  
 Figure 3.2-1. Fabric optical porosity (OP %), thickness and thermal conductivity  SJ1 and SJ2 have similar thickness to each other and fabric optical porosity of SJ2 is 28% less than SJ1. Thermal conductivity of SJ1 and SJ2 is similar to each other since both fabrics possess identical fabric structure, thickness and stitch density (fig.3.2-1, Table 3.2-1).  SJ3 is exhibiting the highest thermal conductivity indicating its greater ability to transfer heat in comparison to the other sample fabrics of the study. SJ3 is a 100% cotton fabric in single jersey structure with   fabric optical porosity greater than SJ1, SJ2 and SJ4.   Fabric samples SJ1, SJ2 and SJ4 are composed of 100% wool or wool blends and have similar fabric structure as SJ1.  Wool fiber contains convolutions on its surface which contribute to air entrapment reinforcing the thermal resistance of the fabric which results in lower thermal conductivity. In the case of cotton fiber it is unable to trap air similarly to wool fiber and thus results in greater thermal conductivity as compared to 100% wool and wool blends. This is a possible reason for 
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SJ3 demonstrating highest thermal conductivity among all of the sample fabrics of the study. SJ4 and IM1 have similar optical porosity   to each other. IM1 is 10% thicker as compared to SJ4. SJ4 has single jersey structure and IM1 has interlock mock mesh fabric structure which can trap more air as compared to single jersey structure and air is a poor conductor of heat.  As a result thermal conductivity of SJ4 is 12 % more than that of IM1. IM2 with inter lock mock mesh structure offers the lowest thermal conductivity among all of the sample fabrics which is because of having non-uniform stitch density forming larger air gaps in its structure as indicated by its highest fabric optical porosity in comparison to that of all the sample fabrics. The larger air gaps in fabric structure trap the air and air being poor conductor of heat reduces thermal conductivity of IM2.   Therefore for fabric thermal conductivity fiber type, fabric thickness and fabric structure are the most critical factors.    In fig. 3.2-2 mean values of water vapour resistance and fabric thickness for all the sample fabrics are shown.  
 Figure 3.2-2.  Water vapour resistance and fabric thickness of sample fabrics SJ1, SJ2, SJ3 and SJ4 are in single jersey form and showing lower water vapour resistance than IM1 and IM2. SJ4 has slightly higher water vapour resistance than SJ1, SJ2 and SJ3 which is due to its higher thickness compared to SJ1, SJ2 and SJ3 (fig. 3.2-2). SJ2 which is a wool/bamboo fiber is demonstrating the least vapour resistance indicating the highest ability to transfer skin moisture vapour to outer atmosphere.  This might be due to the blending of wool with bamboo fiber. Because bamboo fiber has unique micro structure having micro pores on its surface which increase it 
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absorption capacity, and allow the water vapour molecules to pass through [21]. IM1 and IM2 are comparatively thicker fabrics than all other sample fabrics of the study and also IM2 has highest optical porosity resulting empty spaces within the fabric structure. Both of these two fabrics have higher vapour resistance as compared to other sample fabrics in single jersey structure of the study. IM1 is composed of 100% polyester, whereas IM2 is a blend of wool with BiophylTM. The presence of wool coupled with highest optical porosity results in highest vapour resistance. The trapped air in the fabric structure does not influence thermal conductivity only, vapour resistance also increases with increased amount trapped air [22]. Therefore, from the results it is clear that water vapour resistance of the fabrics is also influenced by the type of the fiber to some extent but considerably influenced by the thickness of the fabric and its structure. Calculated Pearson coefficient of correlation between fabric thickness and vapour resistance was 0.970 reflecting a strong positive linear relationship between fabric thickness and vapour resistance. For fabric thickness and thermal conductivity, coefficient of correlation was negative –0.0189 indicating inverse relationship between these two variables. This implies that increasing fabric thickness will decrease the thermal conductivity due to increase in mass per unit area of the fabric. For fabric optical porosity very similar correlation was observed as in the case of for thermal conductivity, vapour resistance and fabric thickness. Coefficient of correlation between fabric optical porosity and vapour resistance was 0.886 which suggests   that a strong positive linear relationship exists between fabric optical porosity and vapour resistance which implies that if a fabric has higher optical porosity, the trapped air in empty spaces can restrict the flow of vapour through the fabric [22]. Correlation coefficient between fabric optical porosity and thermal conductivity was negative -0.008 indicating that both variables are inversely proportional to each other.  Increase in fabric optical porosity leads to larger air gaps in the fabric structure, which eventually raises the thermal resistance of the fabric and therefore reducing thermal conductivity of the fabric. 
Liquid moisture transfer properties             In the   following   figures 3.2-3 to 3.2-8 the wetting time, absorption rate, maximum wetted radius, spreading speed, accumulative one way transport index  and overall moisture management capacity and for sample fabrics SJ1-IM2 are presented. The top surface represents the next to skin surface and bottom surface is opposite side. 
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 Figure 3.2-3. Wetting time for top and bottom surface of sample fabrics Wetting time is the period of time in seconds during which the top and bottom surfaces of the fabric just begin to wet, respectively, after the test starts. From fig. 3.2-3 it is revealed that wetting time is lesser for bottom surfaces for SJ1, SJ3, SJ4 and IM2 compared to their top surfaces which suggest that after liquid moisture was dropped on to all these four fabrics, the liquid water immediately transferred to the bottom surface without distrubting over the top surface. This is an attractive feature for the fabrics which have to be worn next to skin as they rapidly transfer the liquid moisture    to the opposite surface of next to skin.  As soon as, the bottom surface is wet, the liquid water starts spreading over the both surface in these fabrics. If there is a second layer of fabric then the liquid is  simply transported from next to skin  layer to the second layer in layered garments. However, in IM2 the bottom wetting time is lesser than top wetting time but over-all it takes longer time to get the liquid through its thick structure than other sample fabrics of the study (fig. 3.2-3).   IM2 is the heaviest and the thickest fabric with mock mesh structure among all the fabrics and so the liquid water needs more time to pass through from this fabric in comparison to the other fabrics.  SJ2 and IM1 have the lowset and similar wetting times for both top and bottom surfaces indicating their capability to become wetted with water within few seconds but the  equal wetting time for both surfaces does not enhance liquid moisture transfer from one surface to the other. IM1 is a 100% polyester fabric which is hydrophobic, but it becomes wet quickly because of applied hydrophilic treatment. SJ2 is a blend of wool with bamboo and bamboo being a cellulosic fibre increases the wetability of wool fibre. The errors bars are presenting the standard deviations among the specimens tested for each sample fabric. Standard deviations are very high for SJ1, SJ3, SJ4 and IM2 due to the fact that fabrics are treated 
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with hydrophilic treatment, which is not uniform throughout the whole fabric surface and eventually results in variations of wetting and wicking behaviours of fabrics.  
  Figure 3.2-4. Absorption rate for top and bottom surface of sample fabrics Absorption rate demonstrates the accumulation of moisture on each side of the fabric. For all sample fabrics of the study, the bottom surface has the greater absorption rate as compared with the top surface as shown in fig. 3.2-4. Absorption rates  values are the highest for the bottom surfaces of SJ1 and IM2 in comparison to the rest of the sample fabrics  . SJ4 also exhibits higher absorption rate for the bottom surface as compared to its top surface. This higher abosrption rate for bottom surface is an attractive quality for the fabrics which are used next to skin as this implies that these fabrics are capable of transferring most of the liquid moisture from next to skin surface to the opposite surface when comes in contact with liquid water. SJ1, SJ4 in single jersey structure and IM2 in mock mesh are  composed of 100% wool and  wool blends.  Thus 100% wool or wool blends after application of hydrophillic treatment perfom better than 100% cotton or polyester in transferring liquid moisture from next to skin surface to the bottom surface and assist in keeping the skin free of liquid moisture. IM1 has similar absorption rate for both sides of the fabrics which justifies that IM1 only wets  on the surface and therefore cannot be recommended to use next to skin. SJ2 and SJ3 also demostrate higher abosrption rates for their bottom surfaces as compared to their top surfaces but their rates values are comaparatively lesser than SJ1, SJ4 and IM2. SJ2 is a blend of wool with bamboo and SJ3 is a 100% cotton fabric. These two fabrics have of cellulosic fibre content which is capable of holding the water molecules within its structure and do not allow most of the liquid moisture to accumulate on the bottom surface.   Further to the absorption rates, maximum wetted radius on both surfaces is also essential to take into account (fig. 3.2-5).  
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         Figure 3.2-5. Maximum wetted radius for top and bottom surface of sample  fabrics  SJ2 , SJ3 and IM1 have larger and approximately  equal wetted radius on top and bottom surfaces in comparison to the other sample fabics of the study (fig.3.2-5). Larger wetted radius indicates the fabric’s ability to spread the liquid moisture on the fabric surfaces instead of taking away from one surface and transffering it to the opposite surface. Thus, these three fabrics  can take longer time for drying as compared to SJ1. In SJ1, liquid moisture quickly transfers from the top to the bottom surface with small wetted radius on both sides where it would be expected that liquid would be easily shed from the outside surface without need for drying.  SJ3 is a 100% cotton fabric and SJ2 is blended with bamboo which is also constituted on cellulose and cellulosic fibres absorb water easily with their polar groups but they keep liquid water in their structure, which makes it difficult to transport liquid form one fabric to the other fabric and increase the drying time. IM1 is a 100% polyester fabric with hydrophobic characteristics and does not absorb any moisture. It only contributes for spreading of liquid moisture quickly on both sides of the fabric due to hydrophilic treatment. Because of holding the larger amounts of water when liquid water is dropped on them, eventually they could feel uncomfortable when used next to skin. Another disadvantage of holding larger amounts of water is the increase in weight of fabric which can make clothing heavier. In case of SJ1 and IM2 the bottom surface has larger maximum wetted rradius than the top surface. Also these two fabrics do not let the fabrics to spread moisture into the fabric structure and help to transport from top(next to skin) to bottom surfaces. If these fabrics are used in a layered combination then they can help to transfer moisture from next to skin layer to the second layer in a layered combination as indicated by their accumulative one way transport index (AOTI) in fig. 3.2-6.  AOTI 
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index is a parameter representing the amount of cumulative moisture difference between two sides of the fabric. Positive and high AOTI values show that liquid sweat can be transferred from the next to skin surface to the outer surface easily and quickly. On the other hand, negative and low AOTI values show that the liquid sweat can be transferred from the opposite surface of next to skin towards the next to skin surface and spread quickly with large wetted area. In the present study none of the sample fabric exhibited negative AOTI.   
      Figure 3.2-6.  AOTI  for top and bottom surface of sample fabrics  It is evident from the fig. 3.2-6 that AOTI is the highest for SJ1, SJ4 and IM2 indicating the abilities of these fabrics to transfer moisture from next to skin (top) to bottom surface quickly and easily. Thus they can keep the skin dry also quick in drying because of lower maximum wetted radius on both sides of the fabric (fig.3.2-5).  SJ2 and SJ3 are demonstrating very low AOTI index because of their cellulosic fibre component.  IM1 has the lowest AOTI which confirms its ability to keep the moisture on to the surface of the fibres creating wet feelings to wearer.  
                  Figure 3.2-7. Spreading speed for top and bottom surface of sample fabrics 
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Spreading speed refers to the time taken by the liquid moisture to spread in the fabric. The highest spreading speed of liquid in IM1 indicates that liquid water spreads quickly on both surfaces which means  all the moisture stays on the fabric surface as the polyester fibre itself is hydrophobic. It only contributes to spreading of liquid moisture quickly on both sides of the fabric due to applied hydrophilic treatment. Although the spreading speed is lower for the fabrics SJ1, SJ4 and IM2, they have higher AOTI index as compared to other sample fabrics. The reason behind the lower spreading speeds of SJ1, SJ4 and IM2 is that in the case of these three fabrics the most of the liquid moisture actually  transfers from the next to skin surface to the bottom surface and accumulates there instead of spreading  in the fabric structure. After transferring to bottom surface liquid starts spreading but due to unique structure of wool fibre it may take longer time for spreading than 100% polyester or cotton fibre. Therefore the overall speed of spreading is lower for SJ1, SJ4 and IM2 as the water molecules are not just onto the surface of the fabric like IM1.  
 Figure 3.2-8. Overall Moisture management capacity of sample fabrics It is evident from the fig. 3.2-8 that the fabric  SJ2, SJ4 and IM2 have the highest OMMC indicating the highest ability of these three fabrics to transfer the liquid moisture from next to skin surface  to the outer surface in comparison with  all other fabrics of the study.  These three fabrics SJ2, SJ4 and IM2 are blends of wool fibre with bamboo, elastane and BiophylTM respectively.  SJ1 is a 100% wool fabric, but demonstrates lower OMMC as compared to wool blends and even lower in comparison to  100% cotton (SJ3) or 100% polyester (IM1). During testing of SJ1, the variation of liquid moisture transfer properties among the specimens tested  was very high as indicated from the error bars for this fabric. The reason of displaying  this high variation is found to be the effect of uneven application of hydrophilic treatment as  all the sample fabrics investigated in this study are treated with hydrophilic treatment. 
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When the best performing specimens were separated from the worst specimens from the total tested specimens for SJ1, the SJ1 becomes one of the fabrics having highest OMMC with very low standard deviation as shown in fig. 3.2-9 and 3.2-10.  
 Figure 3.2-9. Over all Moisture management capacity SJ1 specimens 
 Figure 3.2-10. Over all Moisture management capacity of sample fabrics If the parameters (pressure applied, speed of fabric movement, stretch) of treatment process are approriately controlled then this variation can be avoided. Therefore in this study SJ1 best performing specimens were averaged and compared with the other sample fabrics of the study.  
3.2.3 Summary In the present study 100% wool, wool blends, 100% cotton and 100% polyester fabrics in different knitted structures were investigated for thermal comfort properties. 
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The results prove that for vapour resistance and liquid moisture transfer both 100% wool and wool blends fabrics in single jersey construction demonstrated the best result among all the sample fabrics of the study. However they offer slightly lower thermal conductivity than 100% cotton or polyester. Moreover, in extreme hot conditions when the body sweats heavily, fabrics next to skin should have lower vapour resistance and enhanced liquid moisture management properties. Correlation analyses show that thermal conductivity and water vapour resistance are strongly influenced by fabric optical porosity and fabric thickness.  For liquid moisture transfer fibre content and the applied hydrophilic treatment are considerably important. Therefore it can be concluded that the fibre content, fabric construction, fabric thickness and applied hydrophilic treatment significantly influence thermal comfort properties of knitted fabrics suitable for skin layer of protective garments and have to be taken into consideration at the design and engineering stage for the protective ensembles. Furthermore the single jersey construction is the preferable one for the fabric to be used next to the skin in these garments.                   
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3.3 Thermal comfort properties of protective material assemblies 
used in fire fighters’ clothing This section is adapted from as “ O. Troynikov, N.Nawaz. I. Yermakova. Materials 
and Engineering Design for Human Performance and Protection in Extreme Hot 
Conditions” in Advances in Engineering Materials, Product and Systems Design. 2013. 
633,pp. 169.180. In this section the selected protective textile fabrics including outer layers, middle and inner layers, representing two protective assemblies A and B were tested (fig.3.3-1), compared and evaluated in terms relevant to thermal comfort only, as all the selected protective fabrics confirmed to the requirements of their protective attributes  [23, 24]. Relevant attributes are the ones related to the ability of the materials to manage heat transfer (thermal resistance), liquid moisture transfer and vapour transfer. The experimental protective assemblies differ in their textile material components and construction (fig.3.3-1). The protective assembly A consists of the most commonly used materials for firefighters’ protective clothing whereas protective assembly B consists of newly developed materials for firefighters’ protective clothing. The aim of this segment was to objectively evaluate whether the protective material structures of protective assembly B offer improved thermo physiological comfort to firefighters comparing to those of protective assembly A. 
3.3.1 Materials and methods The textile materials and their structures of the two protective assemblies A and B (fig.3.2-2) were used for evaluation. Both protective garments consisted of three-layered textile material structures where the textile components of each layer were different.  The outer layer in both structures is a protective textile material which is a blend of polybenzimidazole (PBI®) fibers and Kevlar® fibres. PBI® is a synthetic fiber with a considerably high melting point (260°C-400°C) and heat-deflection temperature (435°C) that also does not readily ignite, due to its exceptional thermal and chemical stability. Kevlar® is the registered trademark for a para-aramid synthetic fiber with similar properties, related to other aramids such as Nomex® and Technora®. The outer layer provides protection from fire and radiative heat. The middle layer in protective assembly A structure is made from a blend of Nomex® and Kevlar® fibers by the Sontara® spunlace process and incorporates moisture barrier membrane to protect inner layer from environmental moisture.  The inner layer is two layers of Sontara® quilted to Nomex®/Flame retardant (FR) Viscose 
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woven fabric. FR Viscose is a man-made cellulosic fiber which is made to be flame retardant by incorporation of phosphorous flame retardant in the viscose fibre matrix. The middle layer in protective assembly B structure is a Crosstech® moisture barrier membrane with added heat-stable and chemically inert spacer Airlock® technology which creates additional air spaces between the outer layer and the middle layer, allowing for lighter overall structure and better thermal protection, and thus not requiring heavy additional thermal protective layers as in inner layers of protective assembly A structures. The inner layer of this material structure is a thin and light Nomex® woven fabric.  
(a)                                                                                            (b) Figure 3-1.1. Material layered structures: a) protective assembly A,  b) Protective assembly B Physical parameters including fabric mass per unit area [15], fabric thickness [16]  and fabric air permeability [25]  were determined.  Thermal, vapour and liquid moisture transfer properties of both textile material structures and their components were also acquired for the objective evaluation of their attributes relevant to thermo physiological comfort according to the standard test methods. For evaluation of fabrics’ moisture management properties Moisture Management Tester (MMT) was used according to AATCC Test Method 195–2009 [20, 26] Fabric thermal resistance Rct and water vapour resistance Ret were tested using sweating guarded hot plate [19].      
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3.3.2 Results and discussion 
Physical parameters Table 3.3-1. Physical properties and parameters of experimental materials 
Materials structure Functional layer Mean mass/unit area [g/m2] 
Mean thickness [mm] Mean air permeability [mm/sec] Protective assembly A Outer Layer 204 0.45 58.79 Middle Layer 96 0.49 n/a Inner Layer 276 0.36 82.44 Layered structure ∑=576 ∑=1.30 n/a Protective assembly B Outer Layer 206 0.40 75.84 Middle Layer 250  1.58 n/a Inner Layer 132 0.28 234.14 Layered structure ∑=588 ∑=2.26  n/a 
As outer layers of both protective assemblies A and B have similar mass/unit area and thickness (Table 3.3-1), with similar air permeability. For the middle layers of both assemblies air permeability were not acquired due to the presence of membranes. The inner layer of protective assembly B is approxiamtely three times more permeable to air than inner layer of protective assembly A (Table3.1-1). The inner layer of protective assembly A has a woven lining quilted to a non woven material and, being comparatively thicker than inner linning of protective assembly B, has lower air prmeability.  
Thermal comfort attributes Table 3.3-2 summarises the attributes of the materials relevant to physiological comfort.        
86 | P a g e   
Table 3.3-2. Thermal, vapour and liquid moisture transfer attributes of experimental materials 
Textile Structure Textile Material Mean Rct [m²K/W] Mean Ret [m² Pa/W] Mean OMMC Protective assembly  A Outer Layer 0.014 3.099 0.000 Middle Layer 0.048 9.169 0.000 Inner Layer 0.067 5.697 0.003 Layered structure 0.203 23.105 0.000 Protective assembly  B Outer Layer 0.008 3.145 0.000 Middle Layer 0.013 4.158 0.000 Inner Lining 0.006 2.840 0.576 Layered structure 0.081 12.241 0.000  Outer layers of both assemblies contribute comparable thermal and vapour resistance to the resultant materials structure. Both outer layers are of zero OMMC indicating that they are not only protecting the inner layers from the environmental moisture but have no capability to transfer liquid moisture from the skin and inner microclimates to the outside environment. The middle layers however are quite different in their parameters and performance attributes: middle layer of protective assembly B is heavier and thicker due to the spacer configuration; however it provides better attributes relevant to thermal comfort with its Rct and Ret being less than 50% of those in protective assembly A middle layer. Same can be said about the inner layers: much lighter layer of protective assembly B has a fraction of the relevant values of Rct and Ret of that of protective assembly A. The full layered material structure of protective assembly B exhibits the resultant values of Rct and Ret of a similar differential magnitude as the inner layers. However it is important to note that these values are still substantially higher than those for the everyday clothing and it would be valid to expect that the protective garments of protective assembly B, even with these improved attributes of materials used, will impose substantial physiological and thermal burden on a wearer in extreme hot conditions. The liquid moisture transfer properties of inner lining material of protective assembly B are significantly improved in comparison to inner lining of protective assembly A. This will result in a higher ability of the inner layer to manage liquid 
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moisture transfer from the wearer’s skin surface to the middle layer thus improving the comfort sensation of the wearer. 
3.3.3 Summary It is clear from presented results that new material structural assembly of protective assembly B possesses lower thermal and vapour resistance and better liquid moisture transfer, from the body of the wearer to the environment, as compared to protective assembly A. We conclude that it is highly likely that new material structures of protective assembly B will result in better thermal comfort of firefighters operating in extreme hot conditions. Further evaluation of new material structures is carried out through mathematical modeling not only at materials level but also at the garment system level.                      
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3.4 Dynamic evaluation of human thermal responses to different 
protective material assemblies This section is adapted from“ O. Troynikov, N.Nawaz. I. Yermakova. Materials and 
Engineering Design for Human Performance and Protection in Extreme Hot Conditions” in Advances in Engineering Materials, Product and Systems Design. 2013. 633,pp. 
169.180. The objective evaluation of new textile materials and components introduced into the fire-fighters’ garments were carried out in the previous section under the controlled laboratory environments in steady-state conditions. To ensure the adequate prediction of thermo-physiological performance of these new materials and components, their evaluation should be explored in states that are both steady and transient. In past years a number of mathematical models and simulation tools were developed to simulate or predict human thermal physiological status [27, 28]. However, not many investigations have been carried out to study dynamic changes of thermal responses of firefighters wearing fire-fighters ensembles constructed of different textile materials and their combinations, especially in hot and humid environments as in, for example, in Australian climate. The purpose of the study in this segment is to evaluate the effect of different firefighters’ ensembles made from protective assemblies A and B on human thermoregulatory responses during performance in warm humid environments using a developed mathematical model.  
3.4.1 Materials and methods Two fire-fighters’ virtual protective ensembles of Ensemble A and Ensemble B, made from protective assemblies A and B respectively,  were used and consisted of Turnout Helmet, Turnout Jacket, Turnout Over trousers, Turnout Boots (fully lined leather structural fire fighters boots), and fire fighters gloves made of leather and moisture barrier. Undergarments consisted of 100% cotton Single Jersey T-shirt and briefs. Helmet, boots, gloves and undergarments remained the same for both cases while the textile materials structures of the Jacket and over trousers varied for ensembles of Ensemble A and Ensemble B (Table 3.3-1, 3.3-2). Mathematical model of human heat-exchange and thermoregulation was developed for multilayered protective clothing and is derived from the class of multi-compartmental models realized for prediction of human thermoregulatory responses while wearing clothing during work in different environments [29] . A series of mathematical models were used as a set of differential equations related to metabolic heat; heat transfer by conduction; convection by blood flow; heat-exchange with the 
89 | P a g e   
environment by both radiation and convection; heat loss by evaporation from skin, and through respiration. Modeling demonstrates both transient and steady state changes of physiological characteristics such as specific point and means for temperatures, sweat rate, dripping rate, total water loss, evaporation, maximal evaporation, blood flow, heart rate, heat flow by convection and radiation, and others. The study in this segment includes a number of steps aiming to evaluate the efficacy of body sweating in protective ensembles of Ensemble A and Ensemble B during wearer’s performance in warm environments: evaluation of the effect of each ensemble on thermal responses of firefighters working in a dry warm environment, evaluation of the effect of each ensemble on thermal responses of firefighters working in a humid warm environment, comparative evaluation of the effects of these ensembles on firefighters thermal status related to dry and humid warm environments.  To achieve the above, the problem modeling experiments were performed under the following conditions: air temperature  +30°C; wind velocity  1 m/sec; relative humidity  20% and 85%; and work intensity 160 W/m2. 
3.4.2  Results and discussion The main thermoregulatory response that impedes overheating of the human body in a warm environment is sweat evaporation and is a dominant physiological process that can provide effective heat loss from the human body to support its temperature homeostasis. Fig.3.4-1(a,b) shows the dynamics of sweating for a man wearing two kinds of protective clothing (Ensemble A and B) in dry and humid environments. It is clear that in a dry, warm environment (+30ºC, RH = 20%) both ensembles are quite acceptable to the wearer. All produced sweat is evaporated, and there is no sweat dripping. For Ensemble A the sweat rate is 500 g/h and for Ensemble B is 400 g/h which means that the accumulated heat in a person wearing Ensemble B is lower than that in a person wearing Ensemble A, and thus will require a lower amount of sweating to attain the required thermal balance.  The results related to work in warm humid  (+30ºC, RH = 85%) environment (fig.3.4-1 (a,c)) are of greatest interest. In a humid environment, both ensembles are not physiologically comfortable during work activities; however Ensemble B has a clear advantage over Ensemble A. Two simultaneous processes take place (fig.3.4-1(c,d)): part of the produced sweat is being evaporated and the remaining part is dripping. Potentially part of the dripping sweat will be absorbed by the fabric of garment. This absorption will depend on absorption properties of the fabric of the garment. These are not considered in the present segment of the study.  For the Ensemble A the amount of 
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dripping sweat increases from 0 g/h to 1600 g/h in 2 hours, with only 375 g/h is evaporated during this time. For the Ensemble B the ratio of these two outputs is more attractive from the physiological point of view, as in this case the rate of sweat evaporation during the same time period increases only from 0 g/h to 400 g/h while dripping increases from 0 g/h to only 600 g/h during the same time period, and thus after the 2 hour period represents only 38% of that resulted from the Ensemble A. 
 (a)                                                                            (b)  
 
         (c )                                                                                 (d) 
 Figure 3.4-1. Dynamics of evaporation and dripping sweat rate for the firefighters in two kinds  of protective ensembles in dry (a,c) and humid (b,d) environments. The mean skin temperature at the end of 2 hour exposure also varies for different ensembles. In humid conditions, it increases considerably for both the Ensemble A and Ensemble B, and is 38.2ºC and 36.4ºC respectively. Heart rate also increases and is at 150 beats/min and 120 beats/min after 2 hours for Ensemble A and B ensembles respectively.  For the warm dry environment total water loss after two hours of work is acceptable and represents no danger for dehydration of the human organism (fig.3.4-2). It is clear that performance of the ensembles during work in the humid environment significantly differs from that in the dry environment. For the Ensemble A the resultant total body water loss is at 1700 g which represents more than 2% of body weight and thus is a considerable danger for the dehydration of the human organism. In comparison, for the Ensemble B, the resultant total body water loss is at 900 g after 
h
g/h
0.25 0.5 0.75 1 1.25 1.5 1.75 2
250
500
750
1000
1250
1500
1750
0
Sw
ea
t r
at
e
Time
Ensemble A, 
Ev
h
g/h
0.25 0.5 0.75 1 1.25 1.5 1.75 2
250
500
750
1000
1250
1500
1750
0
Sw
ea
t r
at
e
Time
D
Ensemble A, 
Eva
h
g/h
0.25 0.5 0.75 1 1.25 1.5 1.75 2
100
200
300
400
500
600
700
0
Sw
ea
t r
at
e
Time
Ensemble B, 
Eva
h
g/h
0.25 0.5 0.75 1 1.25 1.5 1.75 2
100
200
300
400
500
600
700
0
Sw
ea
t r
at
e
Time
Ensemble B, D
Eva
91 | P a g e   
 
0
500
1000
1500
2000
20% 85%
RH
  
  
two hours of exposure. In this later case there is no formal danger of dehydration but it is necessary to exercise caution and be prepared to stop working activities due to dehydration                Figure 3.4-2. Total water loss, g in 2 hours of work in dry and humid environments From the study presented in this segment it is further concluded that the Ensemble B was expected to have less impact on human thermo physiological comfort during work, especially in warm humid environments. 
3.4.3 Summary The study reveals that the materials attributes such as thermal Rct and water vapor resistance Ret, overall moisture management capacity (OMMC) are critical for their performance relevant to thermal comfort of the wearers of protective garments made of these materials. It is clear from presented results that new material structure of Ensemble B possesses higher capability of heat transfer, as well as moisture transfer in liquid and vapour form from the body of the wearer to the environment as compared to Ensemble A. Furthermore mathematical modeling confirmed the advantages of use of the new materials in protective garments of Ensemble B, as they impose substantially lower physiological burden on the wearer.          
Ensemble A Ensemble B 
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3.5 Conclusion The engineering challenge in the area of design and construction of protective garment systems and material structures is to attain the best balance between the physiological stress imposed by these systems and protection offered by them, for optimal performance. For designing a new protective jacket for female firefighters, the first task was to select the best materials combination including skin layer fabrics and protective fabric assembly. Thus the present research was important to select the best performing fabrics to be worn next to skin and the protective fabric assembly which can assist in maintaining thermal comfort of the wearer. The first part of this chapter was intended to investigate the thermal comfort properties of different knitted fabrics used for skin layers of protective clothing worn in  extreme hot environments. For that purpose six commercially available knitted fabrics which are most commonly used in skin layer garments, 100% wool, different wool blends, 100% cotton and 100% polyester in different knitted structures were studied. The results proved that 100% wool or wool blends in single jersey structures are the preferable choices to use as skin layer garments in extreme hot conditions because of their lower vapour resistance and better liquid moisture management properties. Although they exhibited slightly lower thermal conductivity as compared to 100% cotton or polyester but in extreme hot conditions the removal of water vapour and liquid moisture cannot be compromised. The evaporation of water is an effective way of cooling for the wearer. Further, the transfer of liquid moisture from next to skin to the opposite surface helps to keep the skin free of moisture along with removal of excess body heat with water transportation. These processes helps to keep the person thermally comfortable. Therefore the fabrics intended for skin layer garments must offer lower vapour resistance and superior liquid moisture management properties. The Pearson Coefficients of Correlation were determined for fabric thickness versus fabric thermal conductivity and vapour resistance and also for fabric optical porosity versus fabric thermal conductivity and vapour resistance. Correlation analyses demonstrated that there is strong positive linear relationship between fabric thickness and vapour resistance whereas there is an inverse relationship between fabric thickness and fabric thermal conductivity. Similar correlations were observed for fabric optical porosity versus fabric thermal conductivity and vapour resistance. It is also revealed from the study that the hydrophilic treatment plays a significant role to enhance the liquid moisture transfer properties of the fabrics; but it is essential to control the process variables (movement of the fabric, fabric stretch, pressure applied etc.) to make the treatment uniform across the whole fabric surface. In general the 
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overall conclusion is that in present study SJ1, SJ2 and SJ4 (which are composed of 100% wool, wool/bamboo and wool/elastane blends) are the best fabrics to be worn next to skin as undergarments in extreme hot conditions. Based upon findings of section 3.2, it is concluded that the fiber content, fabric construction, fabric thickness and applied hydrophilic treatment significantly influence thermal comfort properties of knitted fabrics suitable for skin layer of protective garments and have to be considered at the design and engineering stage for the protective ensembles. The single jersey construction is the superior choice to be used next to the skin in these garments. Furthermore the objective assessment of textile components used in both selected protective assemblies A and B revealed that protective fabric assembly  B offers lower thermal and vapour resistance to heat and moisture transfer away from skin  than protective fabric assembly A. Further evaluation of the materials of both protective assemblies was attained through mathematical modeling not just at materials level but also at the garment system level. The results through modeling also proved that protective materials of Ensemble B are better than Ensemble A in terms of thermal comfort attributes. The new materials of Ensemble A possess higher capability to transfer heat and moisture to the outside than the materials of Ensemble B.  The modeling approach suggests and proves the advanced technique to engineering and evaluation of new protective materials and garments through combination of objective laboratory testing, multi-compartmental mathematical modeling.                 
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4 Sensorial comfort properties of skin layer fabrics and inner 
layer fabrics of firefighters’ protective clothing 
4.1 Introduction During the past years, there has been a growing realisation that effective fire fighters’ clothing design requires greater consideration of thermal comfort factors. Sensorial or tactile comfort is an important part of an overall thermal comfort, usually described as “handle” or “hand” and can be evaluated in several different ways. The skin sensorial comfort characterizes sensations, which a textile causes in direct mechanical contact with the skin. These sensations may be pleasant like smoothness or softness, or be unpleasant, if a textile is scratchy, too stiff or clinging to a sweat-wetted skin. Textiles with poor skin sensorial wear comfort may even lead to mechanically induced skin irritations when worn next to skin [1]. The most commonly used is the objective evaluation of comfort in fabrics and materials by the utilization of four modules of the Kawabata Evaluation System (KES) which is a method for measurement of the series of fabric properties, used in place of the evaluation of the panel of trained experts [2,3]. It is important to note that the assessment of fabrics using KES and majority of other instrumental methods is comparative, with no absolute “pass” or “fail” attributes, and the sizable database of comparative data is required to categorise the textiles being assessed [4].  The friction between fabric and skin, as well as the fabric surface roughness are two important components in evaluation of the sensorial comfort of fabrics and materials. During the movement of the fabric along the skin, the dynamic contact of textile material with the skin increases, and the perceptions of roughness or smoothness are then evoked. In the majority of cases the frictional force is higher for fabrics with a rough surface and is lower for fabric with a smooth surface [5]. Occurrence of moisture in fabric-skin contact is positively correlated with the frictional force and thus with the perception of roughness: a fabric that is perceived to be comfortable under low humidity conditions may be perceived to be uncomfortable under high humidity or sweating conditions [6]. The effects of fibre type and moisture on measured fabric-to-skin friction was also assessed and compared by Kenins and it was found that presence of moisture on the skin is more critical than fibre type or fabric construction parameters in determining fabric-to-skin friction [7]. In addition, Hes stated that a fabric gives an uncomfortable feeling to the underlying skin when a 
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fabric regains moisture due to the increased frictional force between the fabric and the skin [8].  Ajayi found that an increase in density of weft yarn sett with the yarn count being constant, leads to the raises in the frictional force, which might be due to an increase in resulting yarn crimp producing a knuckle effect [9]. In addition he later concluded that the frictional properties of yarns are related to fibre content, and fabric friction is influenced by the yarn structure and its surface hairiness [10]. Kondo found in the study into the relationship of frictional properties of plain weave fabrics and human skin that the coefficient of friction (MIU) of fabrics made of spun yarns was higher than that of the fabrics made of filament yarns [11]. Another study of handle properties of fabrics consisting of micro denier polyester filament yarns concluded that surface friction did not show any fixed trend in variation of fabric friction with the change from coarser filament to finer micro denier filament. However, fabrics made out of the finest denier filaments gave the lowest surface roughness [12]. Apart from fabric structure, fabric friction has been reported to be affected by numerous other factors such as the type of fibre, fibre blend ratio, yarn structure and fabric compressibility: if different fabric component materials have different frictional properties, their selection in fabrics and blend ratios influences the frictional properties of the resultant fabrics [13].  It has been also observed that different fabric treatments such as bleaching, dyeing and finishing cause an increase in friction and roughness of cotton knitted [14] .Laundering also affects surface properties of different materials but depends more on fabric structural parameters rather than on laundering temperature [5]. Therefore surface characteristics and physical attributes of the fabric surface are of high importance in the overall aspect of fabric tactile comfort. If the garments cannot slide easily against the skin during their donning and doffing or during their use and wear, not only will this cause an uncomfortable sensation, but also a certain amount of body energy may be required for movement while wearing the garments, performing associated required functions, and for flexing joints during movement [16]. The objective of this chapter is to investigate and compare the material surface characteristics of knitted fabrics suitable for the skin layers of firefighters’ protective clothing and lightweight Nomex® and Nomex® blended fabrics suitable for the innermost lining of structural fire fighters’ garments. The six knitted fabrics which were examined for thermal comfort properties in chapter 3 (section 3.2) and seven woven fabrics most commonly used as inner liners were investigated here for their surface characteristics. The study quantitatively examines and evaluates the effects of 
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fabric composition, construction and its physical structural parameters on the fabric surface as relevant to the practical wear and maintenance of garments made from it. In addition the influence of the presence of moisture in the fabrics due to the sweat absorption during strenuous physical activity on the textile surface characteristics is addressed.                            
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4.2     Surface characteristics of fabrics suitable for skin layer 
garments This section is adapted from N. Nawaz, O. Troynikov, C. Watson. Evaluation of 
surface characteristics of fabrics suitable for skin layer of firefighters’ protective clothing. Physics Procedia, 2011. 22(0): p. 478-486. In this section six commercially available knitted fabrics which were assessed for thermal comfort properties in chapter 3 section 3.2, were investigated for their surface characteristics. The study also addresses the influence of moisture on fabrics’ surface properties. 
4.2.1 Materials and methods Six commercially available knitted fabrics SJ1-IM2 (Table 3.2-1) were assessed.   The materials were grouped and prepared for testing by following method: 
• Group I (SJ1-IM2) are the fabric samples SJ1-IM1 which are commercially produced fabrics in their virgin state (no further treatment was applied for present investigation). All fabrics were conditioned for 24 hours to eliminate the influence of atmospheric moisture content according to AS 2001.1-1995 [17].  
• Group II (2SJ1-2IM2) are the fabric samples SJ1-IM2 that were conditioned by a following developed procedure to examine the effect of presence of moisture on surface characteristics: they were dried to the moisture content of 0% to determine their dry weight and completely wetted by immersion in water. The excess moisture was then squeezed out by passing the samples one by one through squeezing rollers of the padder mechanism at constant roller pressure twice so that the fabric felt wet but not dripping with moisture before testing. The fabric samples were weighed again to determine the moisture pick up as a percentage of their dry weight (fig. 4.1-1). After weighing, each fabric was enclosed in a polyethylene bag to avoid any moisture loss and then tested one by one for surface properties, therefore simulating the condition when fabric is next to the wearer’s skin and is saturated with perspiration. Fabric physical parameters including fabric mass per unit area, fabric thickness and fabric density   were determined according to standard methods [18-20]. The coefficient of friction (MIU) and surface roughness (SMD) are the parameters that characterise the fabric surface properties. MIU and SMD were determined for 
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sample fabrics on their sides that would be in contact with the skin during wear. To measure the fabric surface properties corresponding to the human senses of “Numeri”(smoothness) and “Zaratsuki” (roughness) [2, 3] the KESFB4-A, Kato Tech Co.Ltd. Evaluation System was used. The detailed working principle of the instrument used to determine surface properties has already been mentioned in chapter 2. The resultant data for all the sample fabrics is presented using bar charts having error bars, indicating standard deviation of the individual fabrics. Student’s-test was carried out to predict the level of significance on coefficient of friction (MIU) and (SMD) due to presence of moisture. P-Values in the data table under the bar charts are indicating the level of significance after t-test. The Pearson Coefficients of correlation between the coefficient of friction and surface roughness were also determined to find the correlation between these two variables for the sample fabrics studied. 
4.2.2 Results and discussion Fig. 4.2-1 demonstrates that 100% wool (SJ1), different wool blends (SJ2, SJ4 and IM2) and 100% polyester (IM1) fabrics picked up less moisture in comparison to 100% cotton fabric (SJ3). SJ2 being a blend of wool and bamboo has higher moisture pick up as compared to SJ1, SJ4 and IM2. This is due to the presence of bamboo fibres in SJ2 which have very higher moisture absorbency similar to other regenerated cellulosic fibres for example viscose rayon in comparison to wool fibre.     IM2 has the lowest moisture pick up  among all the fabrics  indicating that it might not be able take up skin  moisture to retain comfortable humidity sensation during high-rate sweating.   
 Figure 4.2-1. Moisture pick up of the sample fabrics 
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In case of IM2, blending of wool fibre with BiophylTM could be a possible reason for reduced moisture pick up as BiophylTM, being a synthetic fibre has significantly lower absorbency than wool.  Fig. 4.2-2 and 4.2-3 demonstrate the mean values of MIU and SMD of the sample fabrics in virgin state and wet state where the error bars are displaying the standard deviation within each sample fabric. It was observed that significant differences exist, as indicated by the p-values, between the values of coefficients of friction MIU for all fabrics except SJ1 and IM2, and SMD for   fabrics SJ1 and SJ3 at the 10% level of significance indicating that wetting treatment influenced these characteristics of the fabrics in majority of cases for MIU and in some for SMD.  
 Figure 4.2-2.  MIU of sample fabrics in virgin and wet states Blending of wool with bamboo in SJ2 in comparison with SJ1 seems to reduce MIU of the resultant fabric in virgin state. In wet state MIU of SJ2 increased by 28% in comparison to the virgin state while for SJ1 there is a negligible increase as shown in fig. 4.2-2.  It is expected that SJ1 will be providing better sensorial comfort than SJ2 in wet state in terms of friction, which is advantageous in hot conditions. SJ3 has higher MIU as compared to sample fabrics SJ1, SJ2 and SJ4 (fig. 4.2-2). Moisture raised MIU of SJ3 by 50% in comparison to MIU in virgin state and in addition SJ3 has the highest moisture pick up among all the fabrics of the study. The only difference between sample fabrics SJ1, SJ2 and SJ3 is their fibre composition so it would be right to assume that this parameter is causing the variation in their respective MIU. In virgin state MIU of SJ4 is 17% greater than that of SJ2 but closer to SJ1. Wetness of SJ4 did not significantly affect the MIU which is not the case for SJ2. For sample fabric SJ3  presence of moisture leads to  increase in MIU by 48% respectively in comparison  to 
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their virgin state; this could be due to the high moisture pick up of this sample fabric and also due to the non-elastic nature of cotton fibres that become even more un-elastic when wet, leading to increased contact area.  IM2 has the highest MIU among all the sample fabrics of the study and is 17% greater than IM1- another double jersey fabric (fig. 4.2-2).  IM2 being a yarn, rather than intimate blend of 100% wool yarn with 100% BiophylTM yarn within the fabric structure, where the  face side of the fabric is constructed of  BiophylTM yarn and its back side (used next to skin) is constructed of  wool yarn as a “half-needle” interlock which causes slightly ribbed surface topography. Due to this non- uniform surface topography IM2 has an irregular 100% wool next-to-skin surface compared to single jersey fabrics such as for example SJ1. It is possible to conclude that such increased MIU is due to the fabric structure  Sample IM1 has uniform stitch density in wale and course directions which produces homogeneous balanced surface comparing to fabrics with differential stitch density in wale and course directions. Higher MIU of IM1 compared to single jersey structures could be due to its double jersey construction. In wet state MIU of IM1 increased slightly while MIU of IM2 slightly dropped, which in addition is statistically non-significant at 10% level of significance.   However, these two fabrics already have the highest MIU values as compared to the other sample fabrics of the study, and higher MIU values are usually not comfortable to the wearer because of the presence of   higher frictional force which may feel clingy to the skin when used next to skin. The standard deviation of MIU for all the sample fabrics in virgin state is in the interval of   0.002-0.031 and in wet state it is 0.004-0.038 indicating that there is a slight variation in the specimens of the sample fabrics in virgin state and also in wet state. 
 Figure 4.2-3. SMD of sample fabrics in virgin state and wet state 
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In virgin state all the single jersey construction (SJ1- SJ4) have lower SMD except for SJ4 (fig.4.2-3).  IM1 has SMD very close to SJ3, IM2 has 136% higher SMD in comparison to IM1 in virgin state. This is most likely due to the fact that  IM1 is constructed with continuous filament yarns and IM2 with spun yarns being on the next-to-skin side and in addition fabric IM2 having a ribbed structure. For the sample fabrics SJ4, IM1 and IM2 the roughness pattern is not constant indicating that the height of the irregularities for these fabrics surface are not even and regular. Differences in fabric physical parameters and constructional features (fabric structure) could cause variation in height and magnitude of fabric irregularities. These fabrics have higher variability of results with standard deviations of 2.890, 2.625 and 3.229 respectively within each fabric (fig. 4.2-3). The standard deviation of SMD for all sample fabrics in virgin state is in the interval of 0.508 – 3.229 and in wet state it is in the interval of 0.764 – 4.445 indicating a high level of variation in roughness pattern of the sample fabrics. In wet state SMD of SJ1, SJ2, IM1 and IM2 increased. For SJ3 there was a slight decrease. For SJ4, presence of moisture increased SMD by 35 % of the virgin state but is statistically significant at 10% level of significance due to very high variation in results. SJ4 and IM2 have higher SMD in virgin state in comparison to the other sample fabrics of the study. Pearson coefficient of correlation was calculated between MIU and SMD of the sample fabrics. It was 0.747 in virgin state indicating a strong positive linear relationship between two variables for all the sample fabrics. In wet state it was – 0.184 indicating an inverse relationship between these two variables. This relationship demonstrates that wetness or another applied treatment may change MIU and SMD in a random pattern for the sample fabrics investigated in the present study. 
4.2.3 Summary From the results it is evident that SJ1, SJ2 and SJ4 which are composed of 100% wool fibre and wool fibre blends in single jersey constructions can be considered to perform better in terms of sensorial comfort. Wool is an elastic and resilient fibre due to having inherent fibre crimp and micro-structure with scales, absent in bamboo, cotton or polyester fiber. It seems to provide better sensorial comfort due to its resiliency when used next to skin in single jersey structure. Although the presence of moisture increased MIU of SJ2 in wet state but SJ2 performed well for liquid moisture transfer properties and can manage to keep the skin free of moisture as discussed in Chapter 3. Thus, SJ2 also might be able to provide comfortable sensations when used 
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next to skin in firefighting situation where body sweats heavily in liquid form. In the case of IM1 it has textured filament yarns which are creating smoother surface but this could generate clinging sensation on the skin. Cotton (SJ3) having protruding fibre ends with less resilience as compared to wool is not as comfortable as wool or wool blends, especially when fabrics are wetted and would cling to the skin. Therefore from the present study it is concluded that fibre content, fabric structure and presence of moisture are the most critical parameters to influence the fabric surface properties as relevant to sensorial comfort.    This study also revealed that single jersey structures are the best to be used next to skin and that 100% wool and wool blended with bamboo provide better sensorial comfort in comparison with  100% cotton, or 100% polyester. 
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4.3 Surface characteristics of inner layer fabrics suitable for 
structural fire fighters clothing This section is adapted from  O. Troynikov, N. Nawaz and S. Vu. Evaluation of 
surface characteristics of inner layer fabrics suitable for structural firefighters' 
clothing.Textile Research Journal. 82(10): p. 1014-1025. In this section, the surface properties and characteristics of the fabric samples suitable for inner layers of firefighters’ protective clothing were investigated under various conditions: in virgin state, after washing and drying, after abrasion, and under moist conditions. Fabrics in “virgin state” are commercially produced fabrics in their existing state after last commercial treatment process application and a state they are available in to a garment manufacturer, with no further treatments, such as washing, drying, rubbing etc. being applied. 
4.3.1 Materials and methods Seven commercial woven fabrics suitable for an inner liner layer of protective garment assemblies of different weaves, yarn constructions and fibre compositions were selected (F1-F7) [21]. Table 4.3-1. Experimental Fabric Details 
Fabric Fabric Description 
Fibre 
composition, % 
Yarn 
Structure 
Weave/Knit 
F1 Nomex® INSULTEX™ Runner 100  Nomex® Filament Plain weave F2 Nomex® Delta C™ Scrim 100 % Nomex® Long-staple yarns** *Plain weave F3 TenCate Aralite® 100  Nomex® Staple Plain weave F4 Nomex®/ FR Viscose 50/50Nomex® /FR Viscose Staple *Plain weave F5 Nomex®/FR Viscose liner Black 50/50Nomex® /FR Viscose Staple *Plain weave F6 Nomex®/FR viscose liner Blue Nomex®/FR Viscose/aramid Staple *Plain weave F7 Nomex® Delta C™ liner 93/5/2Nomex®/Kevlar®/P140 Long-staple yarns** *Plain weave * Rip stop weave ** Individual fibres’ staple length is higher compare to conventional staple fibre length i.e. 0.0013- 0.0015 m or more.  
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Materials preparation Each fabric was treated differently prior to testing to evaluate the possible influence of the wear and care during practical wear: 
• Group 1 (F1-F7) are commercially produced fabrics in their virgin state (no further treatment was applied for present investigation) 
• Group 2 (2F1-2F7) are samples F1-F7 that were washed and dried 5 times according to the AS 2001.5.4 Procedure 2A [22] (40 °C) with tumble dry at low before surface testing  
• Group 3 (3F1-3F7) are samples F1-F7 that were subjected to abrasion treatment in accordance with Martindale Abrasion Method [23] on the fabric side intended for contact with the wearer’s skin prior to surface testing. Additionally the samples were visually rated after 200 rubbing cycles according to the visual standards for appearance change prescribed in the same Standard Method.  
• Group 4 (4F1-4F7) are samples F1-F7 that were conditioned by a following developed procedure: they were dried to the moisture content of 0% to determine their dry weight and completely wetted by immersion in water. Then the excess moisture was squeezed out by passing the samples through squeezing rollers of the padder mechanism twice so that the fabric felt wet but not dripping with moisture before testing. The fabrics were weighed again to determine the moisture pick up as a percentage of their dry weight (fig. 4.2-11). After weighing, each fabric was enclosed in a polyethylene bag to avoid any moisture loss and then tested one by one for surface properties, therefore simulating the condition when fabric is next to the wearer’s skin and is saturated with the perspiration. The natural/maximum moisture content of the studied samples during their use depends on environmental conditions during practical use, was not determined during this research and is planned to be addressed in further, broader study. All fabrics (excluding Group 4) were conditioned for 24 hours to eliminate the influence of atmospheric moisture content according to AS 2001.1-1995 [17].  
Test methods Fabric physical parameters including fabric mass per unit area, fabric thickness, fabric density and fabric surface images were determined [17-19]. All the images were captured using Stereo Zoom Optical microscope with Pixelink CCD camera having 0 to 1000 magnification power for visual evaluation of the fabric surface appearance. Due 
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to the sample fabrics being of different colour and surface “coarseness” the images were taken at different suitable magnifications of 400–600 using light at different angles to capture a clear image of the samples’ surface.  To measure the fabric surface properties corresponding to the human senses of “Numeri”(smoothness) and “Zaratsuki” (roughness) [2,3], the KESFB4-A, Kato Tech Co.Ltd. Evaluation System was used. The data of each group for MIU and SMD is presented using bar charts having error bars presenting standard deviation (at 95% Confidence interval) of the individual fabrics to show the influence of each applied treatment in comparison to the virgin state. Student's T-Test was performed to determine whether a statistically significant difference exists between fabrics of different groups being studied. The choice of T-test over a more general ANOVA is due to the fact that the purpose of the experiments was to determine whether the difference between two samples of the same fabric (non-treated and treated) was statistically significant. 
4.3.2 Results and Discussion 
Physical parameters of the sample fabrics and their visual surface evaluation From physical parameters of experimental fabrics (Table 4.3-2) it can be seen that F1 is the thinnest fabric and has equal warp and weft density forming a compact balanced fabric. F2 and F3 have similar thickness to each other with the difference being in their warp and weft density: the warp density of F2 is greater than its weft density, while F3 is a balanced square-sett fabric. F2 is 24% heavier than F3 and it may be due to its thicker weft yarns. F4, F5 and F6 have the same thickness but vary in their weights and density. F5 and F6 have almost similar parameters to each other but there is a slight difference in their weights and density and their weight may be varied due to their density. F7 is pretty close to F1 in its physical parameters having the surface appearance similar to F1 with the only difference being of F7 having a rip stop weave.  A rip stop weave has a thicker yarn used in a certain repeat both in warp and weft, to create “reinforced” squares on the surface of the fabric to prevent fabric tearing. The use of long, well-oriented staple filaments in the yarns comprising fabric samples F2 and F7 would place its behaviour “in between” fabrics made of spun and continuous filament yarns.     
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    Table 4.3-2. Physical & structural properties of experimental fabrics in virgin state Fabric Code Mean Thickness (mm) Mean mass/unit area (g/m2) Mean No. ends/cm Mean No. of picks/cm Mean thread count/cm2 F1 0.28 133 18 18 26 F2 0.37 130 16 9 25 F3 0.39 120 11 11 22 F4 0.48 150 10 10 20 F5 0.49 171 9 9 18 F6 0.48 167 8 8 16 F7 0.32 128 12 12 24  Analysis of the appearance of fabric samples after abrasion test (Table 4.2-3) in conjunction with their physical and structural parameters demonstrates that yarn structure and fabric density has a considerable influence on fabric appearance after abrasion. Table 4.3-3.  Visual appearance rating after abrasion test (200 cycles) Fabric Code Fabric description Rating F1 Nomex® Insul-Tex Runner 4 F2 Nomex® Delta C™ Scrim 2-3 F3 TenCate Aralite® 2 F4 Nomex®/ FR Viscose 3 F5 Nomex®/FR viscose liner Black 1 F6 Nomex®/FR viscose liner Blue 1-2 F7 Nomex® Delta C™ liner 4  The rating 4 for F1 and F7 and the rating 2-3 for F2 indicate that abrasion did not damage the fabrics’ surface to a great extent. All three fabric samples are made of filament or a combination of long-staple yarns with the difference also being in their densities: F2 is an unbalanced fabric with lower weft density while the F1 and F7 are square-sett fabrics. The remaining fabrics of this group are composed of spun yarns with lower thread count and densities where the abrasion process changed their surfaces to the considerable extent. From these results it is clear that compact woven structures such as F1 and F7 and F2 with filament and long-staple yarns in their structures are more durable with the surface characteristics less susceptible to change 
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during garment use and care. In addition visual evaluation of F1 demonstrated that in virgin state the fabric surface is smooth and silky having a lustrous appearance with only few fibres ends protruding from the fabric surface. It is clear from fig.4.3-1(b)-fig.4.3-2(b) that after abrasion there are some broken yarn filaments at numerous places and a formation of hard pill balls which make the fabric surface to appear irregular but not fuzzy as in samples made of spun yarns. In virgin state the surface of the fabric sample F2 is quite smooth and regular with only few single fibres ends protruding from the surface. Abrasion caused formation of soft, malleable pill balls (fig.4.3-2 unlike those formed on the surface of F1). F2 is a fabric that is formed by combination of long-staple yarns and therefore after abrasion there is more fibre ends protruding from the surface making it fuzzy and creating pill balls. F1 and F2 both are made of 100 % Nomex® fibre with only difference being in yarn structure that contributed to the different change of surface appearance after abrasion.   The appearance of fabric sample F3 in virgin state is smooth and regular (fig. 4.3-3). This fabric is made of the same fibre as F1 and F2 but all yarns used are staple spun which cause the greater change of surface characteristics compare to F1 and F2.  Sample F4 is a blended fabric made of thicker spun yarns with lower and uniform warp and weft density (Table 4.3-2). The surface is quite fuzzy in virgin state with numerous protruding fibres (fig. 4.3-4, a) and with a formation of prominent and soft pill balls and matting of the surface after abrasion (fig. 4.3-4, b). The formation of prominent pill balls most likely are due to staple yarns of coarser counts used. This considerable surface change is likely to increase the surface roughness during practical wear and garment care  Visual evaluation of sample F5 (fig.4.3-5) shows that there is a formation of numerous small pill balls after abrasion that are not as hard as in case of fabric F4. Even in virgin state this fabric has somewhat matted appearance caused by long protruding fibres intermingled on the surface which will most likely to contribute to increase surface roughness and the coefficient of friction. Physical parameters of fabric sample F6 are very close to those of fabric sample F5: its surface appearance after abrasion is very similar to F6. Thus it would be reasonable to expect that surface properties of F5 and F6 are quite similar as well. The appearance of fabric sample F7, whose physical parameters are very similar to F1 and F2, in virgin state is smooth without any significant irregularities on the surface (fig.4.3-6) Visual evaluation after abrasion results in the same rating as F1 and F2 with only few broken filaments being observed on the surface. 
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       (a)                                                                 (b)        
 
 
 
 
 Figure 4.3-1. Surface Images of F1 (side view) in (a) virgin state and (b) after abrasion              (a)                                                                        (b) Figure 4.3-2.  Surface images of F2 (side view): (a) in virgin state, (b) after abrasion                                        (a)                               (b)                                                                                             (a)                                                                            (b) Figure 4.3-3.  Surface images of F3 (side view): (a) in virgin state, (b) after abrasion          
Formation of pill  
Formation of pill balls very close to each other  
Pill balls and fuzzy  
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                                               (a)                                                                         (b) Figure 4.3-4. Surface images of F4 (side view): (a) in virgin state, (b) after abrasion           (a) (b)  Figure 4.3-5. Surface images of F5: (a) in virgin state, top view (b) after abrasion, side view                                       (a)                                           (a)                                                                          (b)             Figure 4.3-6.  Surface images of F7 (top view): (a) in virgin state, (b) after abrasion                                 
 
 
 
Pill formation and surface  
Slight pilling and surface matting  
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Effect of washing, tumble drying and abrasion on fabric surface properties 
 Surface properties of experimental fabrics were assessed not only in virgin state, but also after washing, tumble drying (fig. 4.3-7, 4.3-8.) and after abrasion (fig. 4.3-9, 4.3-10). Mean values of MIU and SMD for warp and weft, and corresponding p-values are presented in the following figures. In the bar charts the respective mean values of MIU and SMD of different fabrics were plotted with error bars on both sides showing the standard deviation for each fabric. The standard deviation (SD) for each fabric was calculated at 95% confidence interval. For MIU and for the sample fabrics of Group I SD are in the interval between 0.003 and 0.011, for the sample fabrics of Group II it is in the interval between 0.003 and 0.015. It is clear from the standard deviations of both groups that washing process leads to increase in the variability of MIU of the sample fabrics. The SD (at 95% confidence interval) for SMD of each fabric was also calculated. In virgin state SD for each fabric was in the interval between 0.496 and 1.813, after washing and tumble drying it was in the interval between 0.998 and 1.841 indicating that washing increased the roughness of the sample fabrics. It was observed that significant differences exist between the values of coefficients of friction MIU for all fabrics and SMD for fabrics 2F7, 2F5, 2F3, 2F4 at the 10% level of significance indicate that wash and tumble dry treatments influenced these characteristics of the fabrics in majority of cases.  
 Figure 4.3-7.  MIU in virgin state and after wash and tumble dry of sample fabrics - Group 1 & 2       
2F1 2F3 2F2 2F4 2F7 2F6 2F5
MIU (Virgin State) 0.178 0.181 0.184 0.199 0.235 0.241 0.262
MIU (After wash and tumble
dry) 0.195 0.215 0.229 0.235 0.201 0.251 0.241
P - Values 0.036 0 0 0.001 0 0.034 0
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 Figure 4.3-8. SMD of sample fabrics in virgin state and after wash and tumble dry - Group 1 & 2 Washing and tumble drying have a positive effect on the coefficient of friction for samples 2F1, 2F2, 2F3, 2F4 and 2F5 used in this study (fig. 4.3-7), with a slight decline in coefficient of friction after washing and drying for 2F5 and 2F7. As sample 2F1 is made of filament yarns with a high weave density and a square sett, it has smoother surface providing less area of surface contact and thus the lowest MIU out of all sample fabrics. In case of 2F3 it is clear that the use of spun yarn, together with the lower weave density led to the high values of MIU for this fabric both in virgin state and after washing and tumble drying. As sample 2F3 is made of spun yarns, and as usually the fabrics made of these yarns have higher surface contact area due to their surface hairiness, it has higher MIU as compared to the fabrics made of filament yarns. Sample 2F2 is a combination of long-staple yarns fabric with same fibre composition as 2F1 and 2F3, but it has rip-stop weave of high density, which a series of raised “ridges” on the fabric surface, as opposite to a plain weave structure of 2F1 and 2F3 with smooth surface. It is most likely that these differences led to the higher values of MIU in 2F1 and 2F3, both in virgin state and after the applied treatment.  Sample 2F4 is made of spun yarns and is fibre-blended with FR Viscose. Viscose fibre is a softer raw material providing larger contact area in a fabric surface and thus resulting in higher MIU in comparison to fabrics made of both filament and staple Nomex® yarns. After applied treatment there is a decrease of 14 % in MIU and it might be due to the reduction of surface hairiness or increase of softness of the fabric after washing and tumble drying. Samples 2F5 and 2F6 are fabrics made of the same spun yarns with the same fibre composition with only a slight difference in the weave density with sample 2F5 having higher density and higher weight. There is a minor difference in MIU of 2F5 and 2F6 which could be due to different fibre blending ratios. 
2F7 2F1 2F5 2F3 2F2 2F6 2F4
SMD (In virgin state) 5.42 5.51 6.16 6.63 7.47 10.05 11.62
SMD (After wash and
tumble dry) 6.48 5.297 10.177 5.81 8.868 10.194 9.923
P - Value 0.022 0.148 0 0.106 0.177 0.456 0.088
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It can be seen from fig. 4.3-7 that after washing and tumble drying sample 2F5 has slight decrease of 4 % in MIU and sample 2F6 has a small increase of 4%. These two fabrics are very close to each other in virgin state and after washing and tumble drying but they have higher MIU as compared to 100% Nomex® fabrics in virgin state. Sample 2F7 is similar to 2F6 but slightly lower MIU due to the presence of long-staple yarns in a warp and a higher weave density. It was observed that no statistically significant difference in SMD (at 10% level of significance) occurred due to wash and tumble dry treatments for 2F1, 2F2 and 2F6 (fig. 4.3-8). The roughness SMD of samples 2F1 and 2F3 is the lowest among all fabrics and washing and tumble drying does not cause any considerable change in SMD for these samples and also for the sample fabrics 2F6 and 2F2. Therefore in this group both samples 2F1 and 2F3 perform well in terms of visual appearance after abrasion and also after washing and tumble drying with low MIU and SMD values in their virgin state. It allows concluding that use of 100 % Nomex® fibre in filament form in plain weave fabric construction results in the best relevant fabric surface characteristics, while in spun yarn form it is also highly acceptable for use in next to skin applications.  
Effect of abrasion on fabric surface properties Mean values of the coefficient of friction MIU increased after abrasion for all fabrics except 3F5 and 3F7 (fig. 4.3-9, 4.3-10). We observe that for all experimental fabrics, except 3F5, a significant difference exists in MIU due to abrasion at the 10% level of significance.  
   
       Figure 4.3-9.  MIU of sample fabrics in virgin state and after abrasion – Group 1 & 3 
3F1 3F3 3F2 3F4 3F7 3F6 3F5
MIU (Virgin State) 0.178 0.181 0.184 0.199 0.235 0.241 0.262
MIU ( After martindale
abrasion test) 0.221 0.254 0.238 0.289 0.201 0.25 0.246
P - Values 0 0 0 0 0.001 0.012 0.355
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The SD of MIU for the sample fabrics of Group III is in the interval between 0.004 and 0.023, which shows that abrasion caused the variation in MIU in comparison to virgin state to a larger extent than after washing treatment.   
 Figure 4.3-10.  SMD of sample fabrics in virgin state and after abrasion -Group 1 & 3 This is due to the yarn and fibre disturbance on the fabric surface caused by the mechanical action of abrasion. Highest increase of MIU among all the fabrics of this group is for sample 3F4 (45.2 % of the value for its virgin state) which in virgin state has also the highest MIU. The decrease in MIU in samples 3F5 and 3F7 could be due to smaller resultant surface contact area after abrasion. This fact will need further investigation. The SD of SMD for sample fabrics of Group III is in the interval between 0.645 and 2.236 demonstrating a greater variation in roughness after abrasion where SMD for all fabric samples of this group, except 3F4, increased after abrasion. We observe that no statistically significant difference (at 10% level of significance) in SMD occurred due to abrasion in samples 3F2 and 3F6. The highest increase of SMD (109.5 % of the virgin state) is observed for the sample 3F1. In virgin state it has smooth surface but after abrasion the surface is significantly disturbed due to broken yarns and pill formation. The formation of the pill balls after abrasion in sample 3F1 is slightly different in comparison to the other fabrics: due to the continuous filament fibre structure and their rigidity these filaments, when broken, form considerably harder pill balls on the fabric surface than the staple filaments of the spun yarns. That is why MIU for 3F1 fabric sample significantly increased after abrasion, and therefore this fabric may not perform well during prolonged practical use when repeatedly rubbed due to donning and doffing of the garments by the wearer. 
3F7 3F1 3F5 3F3 3F2 3F6 3F4
SMD (In virgin state) 5.42 5.51 6.16 6.63 7.47 10.05 11.62
SMD(After Martindale
abrasion test) 6.481 11.528 10.177 8.228 8.928 10.196 8.382
P - Values 0.096 0 0.001 0.001 0.164 0.39 0.001
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Effect of moisture on fabric surface properties Fabric samples exhibited different moisture pick up characteristics due to their different fibre compositions and structural attributes (fig. 4.3-11). 
 
Figure 4.3-11. Group 4 samples moisture pick up Lower moisture pick up was observed in fabrics containing Nomex® and aramid fibres both in filament and staple form with the lowest moisture pick up attributed to 4F1. The presence of moisture also influenced the surface characteristics of the majority of fabric samples (fig. 4.3-12, 4.3-13). 
 Figure 4.3-12.  MIU of sample fabrics in virgin state and in wet state - Group 1 & 4     
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 Figure 4.3-13. SMD of sample fabrics in virgin state and in wet state - Group 1 & 4 The standard deviation of MIU for the sample fabrics of Group IV is in interval between 0.005 and 0.019 showing that presence of moisture also caused an increase in MIU in majority of fabrics: to lesser extent than abrasion and to greater extent than washing.   There is an increase for the coefficient of friction MIU due to the presence of moisture for all fabric samples where difference was statistically significant (at the 10% level) except 4F1 (with 10% drop). Presence of moisture in fabric increases the adhesive forces between the fabric surface and a sliding contact surface, which resist the sliding of fabric along this surface. 4F1 is constructed by filament yarns so it has lustrous and smooth surface. When moisture is present, the water molecules do not penetrate into the surface of the fabric due to its lowest moisture pickup and instead roll on the fabric surface providing less contact area and lowering the coefficient of friction. Sample 4F4 and 4F6 show the highest increase of MIU (45.2% and 35.6% respectively of their virgin state) which is due to the high moisture content of the absorbent fibre and therefore are not the most suitable fabrics for the considered type of apparel. Samples 4F2 and 4F3 show very slight increase in MIU due to the presence of moisture and as a result these two fabrics and also 4F1 could be considered to be most suitable for the application. The SD of SMD for the sample fabrics of Group IV is in the interval between 0.417 and 2.936. We observe that no statistically significant difference (at 10% level of significance)  in SMD occurred due to presence of moisture  in samples 4F1 and 4F4.The roughness (SMD) of the fabrics generally increased due to moisture content, except for 4F3, 4F4 and 4F6, with 4F4 having the highest roughness among all fabrics 
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in virgin state. This may be due to the swelling of FR viscose yarns that make surface more irregular.  
Rating of the fabric samples The investigated performance aspects of all the fabric samples are numerous and varied. To arrive at the practical conclusion in identifying the best performing fabrics the relevant mean result values in this study are converted into rating values using the formula with the maximum rating value of 10:  
Rating Value= Lowest value of the test/ Actual value of the results × 10    Eq. 4-1 
                The performance attributes were weighted according to their importance for the chosen application21 (Table 4.2-4): Pilling appearance- 4%, MIU in virgin state- 9%, MIU of washed and tumble dried -14%, MIU after abrasion - 10%, MIU of wet - 15%, SMD in virgin state – 9%, SMD of washed and tumble dried – 14%, SMD after abrasion – 10%, SMD of wet – 15%. Table 4.2-4.  Overall fabric performance rating (high values indicate the better performing fabric) Fabric Pilling rating MIU virgin state 
MIU wash, tumble dry 
MIU abrasion 
MIU wet SMD Virgin state 
SMD wash and tumble dry 
SMD abrasion 
SMD wet Overall weighted rating 
F1 0.4 0.9 1.4 0.9 1.5 0.9 1.4 0.6 1.5 9.5 
F3 0.4 0.9 1.3 0.8 1.3 0.7 1.3 0.8 1.4 8.8 
F7 0.4 0.7 1.4 1.0 1.0 0.9 1.1 1.0 1.2 8.7 
F2 0.3 0.9 1.2 0.8 1.3 0.7 0.8 0.7 1.0 7.7 
F4 0.3 0.8 1.2 0.7 1.0 0.4 0.7 0.8 0.8 6.6 
F5 0.1 0.7 1.1 0.8 0.9 0.5 0.7 0.6 0.9 6.6 
F6 0.2 0.6 1.0 0.8 0.7 0.8 0.7 0.6 1.0 6.3 
The results show that the coefficient of friction MIU for samples F1, F2 and F3 is not affected to a high extent after washing and tumble drying, or when wet. These treatments also make very minor change for the surface roughness SMD of these samples. The results show that these fabrics would, in general, be comfortable to wear 
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next to the skin. F1 showed a higher increase in roughness after abrasion, which may mean a reduction in surface characteristics after intensive abrasion, but at the same time it displays the best result for other applied treatments. F4 has the higher value of the coefficient of friction and surface roughness in virgin state and after applied treatments in comparison to other fabric samples, and therefore it would be uncomfortable to wear next to the skin. F5, F6 and F7 have higher coefficient of friction as compared to F1, F2 and F3 in virgin state and their surface characteristics are susceptible to the applied treatments.  
4.3.3 Summary From the above results it is concluded that fabric samples F1, F2 and F3 which are made of 100 % Nomex® fibres are considerably close to each other with respect to their attributes relevant to sensorial comfort and expected to perform better during practical wear. The minor difference in MIU and SMD is due to the different yarn structures used: filament, long-staple- and staple-spun. In the case of remaining fabrics of the study it can be concluded that blends of Nomex® with viscose or aramid fibre and the use of spun yarns potentially decrease the sensorial comfort provided by them. In addition, the results also indicate that fabric friction MIU and fabric surface roughness SMD for these types of fabrics are affected by several factors such as fabric structure, fibre type, fibre blend ratio, yarn structure, yarn density, moisture content and fabric mechanical treatments. The surface roughness SMD is affected to a greater extent because of these variables as compared to fabric friction MIU and variation of the SMD properties of fabrics appears to be especially affected by the treatments involving the presence of moisture.            
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4.4 Conclusion The main objective of this chapter was to investigate the surface characteristics of the fabrics which have to be used as skin layer garments and as the inner layers of the protective clothing. To achieve this purpose in the first section 4.2, fabrics suitable for  skin layer garments which were examined for thermal comfort properties in chapter 3, consisting of  100% wool, 100% cotton, 100% polyester and different wool blends were investigated in virgin state and then in wet state. The results and discussions revealed that 100% wool fibre and wool fibre blends can be considered to perform better in terms of sensorial comfort in single jersey constructions. Wool appears to offer better sensorial comfort because of its resiliency when used next to skin in single jersey structure.  Although moisture increased MIU of  SJ2 in wet state but SJ2 is able to keep   the skin free of moisture as a result of possessing better moisture management properties as discussed in the chapter 3.  In that case, it would be capable of keeping the skin free of moisture and providing comfortable sensations when worn next to skin garment in fire fighting situation where body sweats substantially.  In case of IM1 it consists of textured filament yarns that are creating smoother surface but this could generate clinging sensations on the skin. Cotton (SJ3) has protruding fibre ends with lesser resilience as compared to wool and is not nearly as comfortable as wool or wool blends, especially when fabrics are wetted.  Therefore from this investigation it is concluded that fibre content, yarn structure and fabric structure are the most critical parameters to influence the fabric surface properties of knitted fabrics investigated as relevant to sensorial comfort. In addition, presence of moisture significantly affects the MIU. It is also evident from the study that single jersey structures are the most effective to be used next to skin and 100% wool and blended wool offers better sensorial comfort as compare to 100% cotton, or 100% polyester.  Furthermore, in the section 4.3 the fabrics suitable for firefighters’ clothing that are appropriate for its inner lining were evaluated with the conditions of practical wear taken into consideration. Seven different fabrics consisting of 100%Nomex® and different Nomex® blends were studied in their virgin state, after washing, after abrasion and in wet state. Results indicated that fabric friction MIU and fabric surface roughness SMD for these types of fabrics are affected by numerous factors such as, yarn density, moisture content, fibre blend ratio and fabric mechanical treatments apart from fabric structure, fibre type and yarn structure as discussed for the skin layer fabrics. There are more variables which have been found to affect the fabric surface 
122 | P a g e   
properties for the fabrics suitable for inner liners because of the application of additional treatments of washing and abrasion on these fabrics which were not addressed for the knitted skin layer fabrics. The surface roughness SMD is found to be affected to a greater extent because of these variables as compared to fabric friction MIU and variation of the SMD properties of fabrics appears to be especially affected by the treatments involving the presence of moisture. The study demonstrates that yarn structure (spun or filament) and blending ratio (material composition) are the two most critical factors that influence the fabric surface properties in fabrics containing specialised performance yarns used in fire fighters clothing.  This study shows that the fabric samples F1, F2 and F3 which are manufactured from of 100 % Nomex® fibres are expected to perform better during practical wear. The minor difference in MIU and SMD is due to the different yarn structures used: filament, long-staple- and staple-spun. In the case of remaining fabrics of the study it is concluded that blends of Nomex® with viscose or aramid fibre and the use of spun yarns potentially reduce the sensorial comfort provided by them.                
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5 Investigation into fit of the firefighters’ protective jacket 
in existing design and fit as relevant to thermal comfort 
5.1 Introduction The initial evaluation and comparison of textile materials suitable for skin layer garments of firefighters’ clothing and protective assemblies have been carried out, as discussed in chapters 3 and 4 [1-4]. Thermal comfort properties of the fabrics assemblies used in firefighters’ protective clothing are useful to determine; however it is  insufficient to assess the thermal comfort offered by protective clothing only at the levels of material assemblies and physiological modelling [5]. In addition to the materials used, thermal comfort attributes of clothing are affected by garment design and construction in relation to human body shape, body posture, body movements and environmental conditions. The design and fit of the garment are directly linked with the creation of the air gaps between human skin and the inner surface of clothing, referred to as ‘clothing air gaps’ or ‘air spaces’ [6]. As a result of these clothing air gaps, the  process of heat and moisture exchange from a human body to outside is affected and eventually influences the thermal comfort attributes of clothing worn [7].  Thermal and vapour resistance of clothing has been found to increase with the increase in air gap size present between the skin and the inner surface of the clothing.             Chen et al. studied the influence of garment design and fit on thermal and vapour resistance by investigating the 15 jackets in 5 different sizes and made of 3 different fabrics consisting of woven poplin, denim and knitted fabrics. However, the types of the jackets made and their end use are not described in the study.  The study revealed that both thermal and vapour resistance increase with increased thickness of air gap between the human skin and the inner surface of the clothing. When wind was not present in the testing environment the maximum increase in thermal and vapour resistance was found with the air gap thickness of 1cm; with any further increase beyond this air gap size resulting in a slight decrease in thermal and vapour resistance. Under  windy conditions, the maximum increase in thermal and vapour resistance occurred when the air gap size was  up to 0.6cm; any further increase beyond 0.6cm did not cause any change  in thermal and vapour resistance of the clothing [8].  To achieve the lowest thermal and vapour resistance, neither a tight garment nor a garment having smaller air gaps between human body and inner surface of clothing, is advantageous.  If there are no air gaps or smaller air gaps present between the body and clothing inner surface, the contact area of clothing with skin increases. When the clothing is in contact with skin, direct exchange of liquid water or sweat can occur from 
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skin to adjacent fabrics. If the fabric layer next to the skin has good wicking behaviour, then the liquid is distributed over a larger area through wicking, thus creating non- uniformity of heat and moisture transfer across the wet fabric  [9, 10].     Based on previous research, an air gap size of 8mm is considered as being of optimal   size for a single layer protective garment to achieve maximum protection beyond which any further increase may result in reduced thermal barrier efficiency due to the occurrence of natural convection [11]. These studies do not provide any information about how this optimal air gap size can affect the thermal comfort characteristics of clothing.  However, it is also unnecessary to note that 8mm is the optimal gap size for both single-layer and multi-layered protective garments. Addition of each fabric layer adds to the thickness of the whole material assembly, which ultimately leads to an increase in the total thermal and vapour resistance due to additional thickness of the air layer between the fabric layers. Thus, a similar air gap present between the human body and inner surface of clothing would have a different impact for single and multiple layer garments.  The ideal air gap to maximise thermal comfort attributes while maintaining adequate protection for a single layer garment may not be similar to that required for a multilayer garment. Currently there are three common methods to quantify the volume of air under clothing [12]:  vacuum suite method, cylinder model and 3D body scanning technology. Daanen et al.  summarised that the vacuum suite method is accurate but complex and time consuming: the cylinder method is easy but it produces the results that are too approximate and 3D body scanning technology is the most reproducible and accurate method. 3D body scanning technology is one of the most advanced technologies in use for an approximate computation of average clothing air gaps. Generally, 3D scans of a clothed body are superimposed over a nude body scan, then post-processing software is used to measure the air gap thickness either from a selected number of points or from a discrete number of cross-sections through the dressed body. Many of the studies using this method address the average air gap thickness across the body and its influence on burn injuries in existing protective clothing [13, 14]. Tannie et al. investigated the effect of garment style and fit on thermal protection by determining the air gap size between the body and garment using 3D body scanning technology; however, there is insufficient information on how they measured the air gap sizes between clothing and the body was measured in the study. Researchers concluded that to achieve better thermal protection and fit for women, the impact of their body geometry on clothing fit is the most important factor to be considered when designing protective work wear. The study revealed that the air gaps around the body 
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were distributed in such a way that approximately 80% of the air gaps were less than 30 mm and 65% were less than 20 mm  [15]. More recently Zhang measured the air gap volume entrapped between skin and garment inner surface on 30 experimental garments in 5 sizes from tight to loose using NX-16 TC2 3D body scanner. The air gap volume was calculated by using the volume of the naked body and the clothed body using Geomagic software.    The relationship between fabric mechanical properties and thermal resistance was determined. It was concluded that with the increase of garment size, the thermal resistance did not linearly increase but reached its maximum when the air gap volume trapped between the skin and garment inner surface was 11,900cm3.  With greater volume of trapped air, thermal resistance decreased when the loose garment was investigated. This study did not demonstrate  which areas  around the body entrap most of the air between the skin and clothing microclimate and thus, where the garments need potential modification  [16].  Mathematical modelling has also been used to analyse the impact of air gap thickness on thermal and vapour resistance of clothing. The types of models used assume a uniform air distribution between the body and the garment inner surface, thus simplify the calculations. In reality, the distribution of air is not uniform across the body and changes with body shapes, posture and movements. To simulate this uneven distribution of air gaps around the clothed body the use of mathematical modelling is impractical [17-19]. This previous research is helpful for understanding of the methods of calculating air volumes and air gap thickness.  However, on the basis of these studies it is difficult to conclude that a certain amount of air presents between the skin and clothing inner surface is sufficient to maximise thermal comfort characteristics of clothing for any type of clothing. For designing a new firefighters’ protective jacket made from the preferred materials of protective assembly B for female firefighters, it was necessary to determine the impact of varying air gap size and distribution on thermal comfort properties of the protective assembly. In addition, no other study has investigated the influence of male and female body forms on distribution of air volume across different body sections, how the different body geometries affect the local air volume distribution across different body sections and the impact of trapped air volume on thermal comfort attributes of clothing. Therefore, in the present chapter, an attempt has been made to investigate the effect of varying air gap size and distribution on thermal comfort properties of the protective assembly B:  using the jacket with existing design and fit made from protective assembly B in two sizes, the total air volume entrapped between skin and inner surface of clothing on male and female body forms 
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was calculated. The impact of air volumes on thermal comfort properties of the jacket was also examined.  Further to the objective evaluation of jackets having existing design and fit, subjective assessment of the existing was carried out to determine the modifications required to develop the new jacket for female firefighters.                            
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5.2 Influence of air gap size and distribution on thermal comfort 
attributes of firefighters’ protective assembly 
In this section thermal comfort attributes of the protective material assembly “B” were assessed under the presence of air gaps of various sizes. The impact of different air gap size and distribution on thermal comfort properties of three-layered protective assembly B was determined. 
5.2.1 Materials and methods Three-layered protective fabric assembly B (Chapter 3) consisting of three protective fabrics was used for the present investigation. A frame prepared from polystyrene insulating sheet was used to create the air gaps between the heated plate of the sweating guarded hot plate and the inner surface of the three-layered protective assembly (fig. 5.2-1c).  Polystyrene insulating sheet was used for making the frames of required thickness and due to its high insulation to heat to avoid any heat losses (fig. 5.2-1f). Thermal resistance and water vapour resistance of the protective assembly  was  evaluated using sweating guarded hot plate according to ISO 11092 [20] without any air gaps (Chapter 2 for more details).  For the creation of air gaps between the heated plate of sweating guarded hot plate and the fabric following procedure was adopted. I. The heated plate was lowered down sequentially from its original position with an interval of 5mm starting from 0mm to 30mm fig. 5.2-1(a, b) II. The frame of required thickness was placed in the gap as shown in fig. 5.2-1(c) to confirm the air gap size. III. Then three-layered protective fabric assembly was fixed on the frame with masking tape firmly on all edges to maintain the equal air size gap across the whole width of the protective fabric assembly (fig.5.2- 1(d, e)). IV. The frame with protective assembly was placed in the gap created over the heated plate and fixed by masking tape on the edges (fig. 5.2-1(f)). V. Thermal and vapour resistance was measured with initially created air gap size of 5mm. VI. After testing of three specimens of the three-layered protective assembly with 5mm air gap size for thermal and vapour resistance, the gap size was sequentially increased form 5mm to 10mm.   VII. The steps I – VI were continued until the air gap size was 30mm. 
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(a)                                                                                      (b)    
                 (c)                                                                                           (d)                                       ( e)                                                                                    (f) Figure 5.2-1. a) Hot plate in its original position, b) Plate in lowered position to create gap, c) Fixing of frame in the gaps,   d) Fixing of protective assembly on frame, e) Confirmation of evenness of protective assembly,   f) Frame with protective assembly fixed in the gap over heated plate             In addition, permeability index Im was calculated for all different employed air gap sizes to determine the most favourable air gap size to attain the maximum thermal 
Lowering of plate from its original position to create air gap 
Gape size  Frame to create air gap 
Frame with protective assembly placed over heated plate 
Heated plate 
Protective fabric assembly fixed on frame 
Inside of protective assembly after fixing on frame 
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comfort attributes of the protective assembly. Three samples (three results with each sample) of three layered protective assembly were tested under different air gap sizes starting from 0mm-30mm. The results were presented using line graphs having error bars presenting standard deviations. One way ANOVA at α = 0.05 was used to determine the influence of air gaps on thermal and vapour resistances. 
5.2.2 Results and discussion Fig.5.2-2 demonstrates the effect of different air gap sizes on thermal resistance of three-layered protective assembly. It is evident from the fig. 5.2-2 that thermal resistance of the protective assembly increased up to 15mm air gap size any further increase beyond 15mm did not increase the thermal resistance significantly.  
 Figure 5.2-2. Rct of three layered protective assembly under different air gap sizes The thermal resistance reached to a stable state at the air gap size of 15mm and maintains this state up to 30mm air gap size.  The results are quite stable and exhibit very slight variation as indicated by the error bars (fig. 5.2-2). Air is one of the best thermal insulators. The results describe that the presence of air between the heated plate and inner surface of protective assembly acts as a thermal barrier and restricts the movement of the heat generated by the heated plate towards the protective assembly. As a result, the Rct of the protective assembly is increased by 73% with an air gap size of 30mm as compared to the Rct of the protective assembly with 0mm air gap size. Any further increase in air gap size beyond 30mm may reduce the Rct of the protective assembly because when air gap size is increased beyond a certain limit, natural convection starts. However, it was not acquired in the present study due to the limitation of the instrument. If the air gap size is very large i.e. 35mm or 40mm, the natural convection can occur due to the non-uniformity of the air 
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temperature in this gap because the heated plate is heating up at same the temperature (35°C) and generates the same amount of heat as it does with the smaller air gaps. Thus, when the air gap size is too big, the air layer adjacent to the heated plate is warmer than the air layer next to the inner surface of the protective clothing and ultimately natural convection is initiated. The occurrence of convection will ultimately reduce the Rct of the protective assembly. From the results it also is evident that Rct of the protective assembly can be either lower when the air gap size is very small i.e. 0mm-5mm for the three layered-assembly in the present study or if it is greater than 30mm when the Rct could drop due to natural convection.  The findings of the results suggest that when the three-layered protective assembly investigated presently will be used to make the protective jacket, the lowest 
Rct can be achieved either by making a tight jacket when the air gap size between the skin and jacket inner surface is  0mm-5mm or a loose jacket when the air gap size is beyond 30mm. Both of these situations are not very ideal. Because if the protective jacket made of the present assembly is tight having the small air gap sizes around the body, the jacket might be restrictive for the wearer. In addition if the jacket is touching to the skin at number of areas it can cause skin burns during fire fighting due conductive heat transfer from outside towards the skin.  On the other hand, bigger air gap sizes having width more than 30mm seem advantageous as they could drop the Rct of the jacket but the large air gap size would not improve wearers’ overall comfort and might rather hinder the ease of body movements. Also, if it is very loose it might be heavier and bulkier for the wearer. Another important consideration is the outside environment faced by the firefighters, where the temperature may range from 40°C-250°C or sometimes 1000°C for few seconds while facing any kind of fire (routine, hazard or emergency). But then again the mean skin temperature (33°C-34°C) is always lower as compared to the outside environment and in this situation the heat generated by the body cannot move from the skin towards the outside environment. The outer layer of the protective jacket prohibits the movement of environmental heat towards the skin. Therefore, to lose the excess body heat from skin towards the clothing the air gap size present between the body and clothing inner surface is very important. As a result an appropriate air gap size which is not very large and also allows the minimum contact area between the body and clothing inner surface is needed.  From the results of the protective assembly investigated here, it can be said that an air gap size between 10mm-15mm is the most preferable. Further, firefighters also 
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need to wear their uniform while on duty where the outside environmental temperature is usually lower than the mean skin temperature. In this case, again the presence of the suggested air gap sizes between the skin and jacket inner surface while designing the protective clothing is advantageous to lower the thermal resistance offered by the protective jacket. When the air gap size between the skin and jacket inner surface is very large i.e. 30mm or more than 30mm to achieve the lower thermal resistance, the fit of the jacket as relevant to the human body geometry may be disturbed.  The results were analysed using one way ANOVA to find the influence of air gaps on thermal resistance statistically. The P-value in both cases is 0.00 and Fcri < F which means that air gaps significantly influence the thermal resistance (Table 5.2- 1). Table 5.2-1. One way ANOVA between Rct of three layered assembly and different air gap sizes 
Source of Variation SS df MS F P-value F crit Between Groups 55.99736 1 55.99736 109.7317 0.00 3.909729 Within Groups 70.42299 138 0.510312           Total 126.4204 139          The impact of different air gap sizes on vapour resistance Ret should also be considered to determine the best suitable air gap size to maximize clothing thermal comfort attributes which is presented in fig. 5.2-3. Fig. 5.2-3 demonstrates that for the three-layered protective assembly the vapour resistance Ret increased with increase of the air gap size from 0mm to 15mm. This is due to larger amount of still air being present between heated plate and the three layer protective assembly when air gap size is increased.  Further increase beyond 15mm did not result in any increase of Ret of the assembly. With additional increase of the air gap from 15mm to 30mm natural convection occurs which lowers the water vapour pressure between the heated plate and inner surface of three layer protective assembly. It would be necessary to carry out further investigation to understand the behaviour of Ret with increase of air gap beyond 30mm.   The results of Ret are quite stable as indicated by the error bars (fig. 5.2-3). 
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 Figure 5.2-3. Ret of protective assembly under different air gap sizes From the fig. 5.2-3, it can be supposed that larger air gap sizes of more than 30mm can also provide the same Ret as the smaller air gap sizes of 0mm-5mm for the protective assembly investigated.  The Ret may reduce with larger air gap size of greater than 30mm to the same amount as with the air gap size of 0mm-5mm, if the air gap size is continued to increase beyond 30mm.  In order to maintain the thermal comfort of the wearer in hot environments of fire fighting, the vapour resistance needs to be as low as much possible. Therefore taking into account the above discussion, the lower Ret can be achieved only when the air gap size between the heated plate and the protective assembly is less than 15mm or when it is 30mm or more than 30mm. The air gap size of greater than 30mm is not advisable for designing a protective jacket for females due to the drawbacks of loose protective clothing as discussed earlier. In addition to these, the larger air gaps can accumulate hot air and in fire fighting and ultimately they can bring skin burns to the wearer due to movement of heat from outside towards the skin.  The One way ANOVA between different air gap sizes and vapour resistance for both case demonstrate that the air gap size and distribution significantly influence the vapour resistance (Table 5.2-2). Table 5.2-2. One way ANOVA between Ret of three layered assembly and different air gap sizes 
Source of Variation      SS df MS F P-value F crit Between Groups 9345.18 1 9345.18 297.508 0.00 3.981896 Within Groups 2136.014 68 31.41197           Total 11481.16 69         
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To determine the most favourable air gap size which can maximize the vapour permeability of the protective assembly, Permeability Index Im was calculated under different air gap sizes as shown in fig. 5.2-4. 
 Figure 5.2-4. Permeability index, Im under different air gap sizes Fig. 5.2-4 demonstrates that when the air gap size is 10mm, the permeability index is the maximum for three-layered protective assembly and minimum with an air gap size of 15mm and further increase in air gap size after 15mm results in an upward trend up to 30mm.  This implies that for the protective assembly investigated here an air gap size of 10mm between the heated plate and the inner surface of protective assembly is preferable to achieve a highest permeability to water vapour.   However it is harder to produce a protective jacket which can maintain 10mm air gap size evenly across the body due to variations in human body geometries.              The fig. 5.2-4 also suggests that if at some sites  around the body such as under bust and around waist  for females the air gap size is not exactly 10mm and larger than 10mm, the jacket will remain permeable to water vapour as there is again an upward trend in permeability index with increasing air gap size. The jacket is also permeable (however 42% less as compared with 10mm air gap size) when the air gap size is 0mm for three layered assembly (fig. 5.2-4) which means that the areas where the contact of clothing with skin cannot be avoided such as shoulders it will not be very uncomfortable to the wearer because of the presence of water vapour permeable membrane which always assist to move the water vapour away from the skin. In addition, the areas where the jacket will be in contact with skin, it will offer lowest thermal resistance enhancing the ability of the protective jacket to move the heat away from the skin at these areas. 
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5.2.3 Summary The results indicate that Rct and Ret both are affected significantly by different air gap sizes and increases when the air gap size is increased and achieve a stable state for any further increase. In the present study, the protective assembly exhibits highest Rct and Ret with the increase of air gap from 0mm-15mm. This is due to larger amount of still air being present between heated plate and the three layer protective assembly, when air gap size is increased.  Further increase beyond 15mm did not result in any increase of Rct and Ret of the assembly.  It would be necessary to carry out further investigations to understand the behaviour of Rct and Ret with increase of air gap beyond 30mm. Results demonstrate that with an air gap size of 10mm between the heated plate and protective assembly, the protective assembly is highly permeable to water vapour. Further to that, to keep Rct lower an air gap size of 10-15mm is preferable. This implies that the resultant jacket made of the three-layered protective assembly investigated here, should be constructed in such a way that it distributes an air gap size of 10mm-15mm evenly across the body. However, this is an ideal situation and practically not possible due to the variations in human body geometry. To address the variations of human body geometry the anthropometric studies of female Australian firefighters are essential to conduct. The study helped to build an understanding of the impact of varying air gap sizes on thermal comfort attributes of the protective assembly and the importance of anthropometrics study of female Australian firefighters. Based on the findings of this investigation, it is easier to recommend the ease allowances in the new prototype jacket for female firefighters. The ease of a garment generally refers to the gap size and distribution, or vacant space, between the body and the inner surface of the garment.            
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5.3 Investigation into fit, distribution and size of air gaps in 
firefighters ’protective in existing design and fit  jacket to female 
body form             The major part of this section is published as O. Troynikov, N. Nawaz,  K. Kennedy. Investigation into fit, distribution and size of air gaps in fire-fighter jackets to 
female body form. Proceedings 3rd International Conference and Exhibition on 3D Body Scanning Technologies. Lugano 2012. The present study intends to determine the need for female firefighters to use a different style or design of the protective jacket compare to current jacket. For this reason, the air volume between body and the selected protective jacket was evaluated and compared at different body zones for male and female body forms using the same designs, styles and sizes for both forms.  
5.3.1 Materials and methods 
Materials  The Firefighters’ protective jacket used in this study is a three-layered garment made of protective assembly B in existing design, construction and fit used in Australia. The jacket has a structural fire coat with removable inner liner as shown in fig.5.3-1. The inner layer and the middle layer are stitched together while the outer layer is a removable fire coat. The measurements of selected sizes of protective jacket are given in Table 5.3-2.  
   
 
 
 
     Figure 5.3-1. Firefighters’ protective jacket NX-16 TC2 3-Dimensional white light body Scanner was used for scanning. The resulting data was generated in the form of 3D point cloud (fig. 5.3-2) [21].  
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              (a)                                              (b)                                            (c) Figure 5.3-2. 3D point cloud data a) Manikin in male form, b) Manikin in female form,   c) Dressed manikin  The Thermal manikin Newton (supplied by Measurement Technology Northwest Seattle, WA, USA) was used in this study for scanning. This manikin has 20 segments (Fig. 2-5, Chapter 2).  The manikin can be modified to either male or a female form. This is achieved by adding a breast segment  at the chest of the manikin to simulate the most critical female form as shown in Fig. 5.3-3 (a,b). Each zone of the manikin corresponds to a theoretical human body zone e.g., zone 9 at front refers to chest of the manikin; zone 10 refers to the shoulders etc. (Table 2.1-2). Scans were made with the nude manikin and while dressed in protective jackets in both its male and female forms. 
Test protocol The thermal manikin Newton was scanned in both its male and female forms (fig. 5.3-3). Scans were taken with each form of the manikin in nude and dressed form with jacket in Small (S) and Medium (M) size (fig. 5.3-4).  Each scan was taken five times and mean values of air volume calculated for five scans were reported. 
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              (a)                                                         (b) Figure 5.3-3.  a) Female manikin, b) Male manikin               Figure 5.3-4. Female of the manikin dressed in firefighter protective jacket The volume of each zone (cm3) covered by the jacket was calculated and the volume of the same zone in nude manikin subtracted from the corresponding volume of dressed zone using Rapidform software.  The result of this calculation was the volume of entrapped air (cm3) (Fig. 5.3-5). The firefighters’ protective jacket length extends over the hips zone and covers the one third of thighs of the manikin. In the present study the air volume calculations were acquired up to hip zones only. The resulting data for each zone of the manikin covered with jacket were presented in bar 
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charts as shown in fig. 5.3-6 and fig.5.3-7 where the error bars representing the standard deviations in the measurements.  
 
 Figure 5.3-5. Manikin segments (zones) for volume calculations In addition the measurements of the nude manikin, both in male and female form, and also of the jacket were obtained manually (Table 5.3-1). Each measurement was also carried out 5 times. The results were presented using bar charts having error bars presenting standard deviation indicating the variation of in each scan. Standard deviation is a statistical value used to determine how spread out the data in a sample is, and how close individual data points are to the mean value of the sample. A standard deviation of a data set equal to zero indicates that all values in the set are the same. A larger value implies that the individual data points are further from the mean value [22]. Factorial design analysis was used to find statistically significance of human body geometry and different sizes on entrapped air volume. Main effects plot and Pareto chart of the standardized effects were plotted at α = 0.00. 
5.3.2 Results and discussion             Manual measurements of the manikin and jackets are shown in Table 5.3-1.      
 
141 | P a g e   
Table 5.3-1. Measurements of the manikin and the protective jackets  Mean Measurements Thermal Manikin (Male) cm 
Thermal Manikin (Female) cm 
Protective jacket (Small) cm 
Protective jacket  (Medium) cm Cross Shoulder, CS 42 42 54 56 Chest/Bust, CB 89 100.5 122 127 Waist, W 73.5 73.5 116 122 Hips, H 92 92 116 122 Sleeve Length, SL 56 56 60 64 Back Length, BL 68 68 81 81.5 
Air gap volume resulting from Small and Medium size jackets  The volume of air under the Small and Medium size jackets on manikin in male and female form is presented in fig. 5.3-6 and 5.3-7.  
         Figure 5.3-6.  Air volume for jacket in size Small in each zone  Fig. 5.3-6 shows that air gap volume in each zone is greater while the manikin is in its female form than the male body form while wearing the Small size jacket except across the bust. It is interesting to note that the volume of air gap increases by 34% at the stomach and by 10% at the back for the same size of the jacket when changing male form to female form.  At chest/bust the volume of the air gap is 8% lower in female form than in male form. This is due to having breasts in female form which reduces entrapped air at bust level.  However the entrapped air gap increases at stomach level in female form just under the bust for the same reason.  At the shoulders the air gap volume is 37% larger in female form than in male form for the same size of the jacket. 
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Men typically have broader shoulders than women; therefore the entrapped air at shoulders level would be smaller in males than in females while wearing the garment of the same size. However the thermal manikin used in this study has the same size shoulders in both the male and female body form, as only breast segments where added to create the female shape. It is evident that the addition of breasts changed the distribution of entrapped air gaps across different body zones, especially at the stomach and at the back. The volume of air also increases in all other zones in female manikin form as compared to male manikin but not to the same extent as for stomach and back.  The standard deviations represented in the charts by the error bars are high at all zones except the shoulders when the manikin is in the male form. When the Small jacket is worn by the male form of the manikin the distance between the body and the jacket is small but the variation between measurements is high.  The geometry of the manikin is such that when dressed in smaller jackets there are more folds in the clothing surface which in turn leads to additional occlusions and more variation in the point clouds recorded by the 3D surface scanner. In case of the female wearing the small jacket the distance is even smaller but the variation is less as the garment surface is smoother due to the tighter fit of the garment on the larger volumed form of the manikin. When the jacket size was changed from Small to Medium the volume of entrapped air in each zone was found to follow the similar pattern as for the small size jacket (fig.5.3-7) with most of the air being entrapped at the stomach zone in both body forms and for both jacket sizes. Each zone of female manikin had larger entrapped air volume when compared to the male manikin (fig.5.3-7). The back zone of the manikin in female form entrapped 33% more air volume than the manikin in male form. In female form the jacket is hanging backward with support of shoulders and bust so there is more air volume entrapped across back as compared to male form.     
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         Figure 5.3-7.  Air volume for jacket in size Medium in each zone The standard deviation in both forms is very low when wearing the Medium sized jacket. With the Medium size jacket, the garment surface is smoother since the larger jacket entraps more air and shape of the garment surface is less influenced by the shape of the manikin wearing it.  This leads to less variation in the point clouds data captured by the scanner.  
Total air volume in male and female form of manikin using small and medium size 
jacket Form fig.5.3-8, it can be seen that the total air volume entrapped between the jacket and the manikin surface in female form is larger when compared to the total air volume  for manikin in male form for both small and medium size jackets. For the Small size on both manikin forms the total air volume entrapped increased by 15% in female form. With Medium size there was an increase of 13%. Further to that, the Medium size jacket entrapped a larger volume of air compared to the Small size jacket in both male and female forms. The reason behind this is that when bigger size was used for the same manikin size the gap between body and the jacket increased which led to increase of the entrapped air volume. 
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           Figure 5.3-8. Total air volume in Small and Medium size jacket When the manikin was changed from male to female form by the addition of the breasts section, the increase in total volume of the manikin was about 1%. The total air volume reported here was calculated by subtracting the total volume of the naked manikin form total volume of the dressed manikin. Therefore when the manikin is wearing the same size of the jacket in female form it would be first assumed that it should have lower total entrapped air volume as the volume of manikin is larger in female form. However experimental data for both jacket sizes demonstrates that the air volume for female form increases by 13-15% as discussed earlier. The reason behind this is that when breasts sections are added to the manikin it leads to capturing more air under the breasts (at stomach and back), thus increasing the overall volume of entrapped air by the dressed manikin and resultant total air volume between the jacket and the manikin’s body. 
Statistical analysis The P-value at α = 0.05 with factorial design analysis for air volume for two different human body forms and two sizes is 0.00, indicating that both factors influence the amount of trapped air volume significantly. In the following fig. 5.3-9 and 5.3-10 main effects plot and interaction plot for air volume for both sizes and genders are presented.   The Main Effects Plot plots means of factor levels and it is used to visualise the magnitudes of main effects.  
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Figure 5.3-9. Main effects plot for Air volume The fig.5.3-9 shows the strong positive effect of size variation and gender variation on entrapped air volume. The lines are parallel for both sizes and genders indicating no interaction to each other. The main effect exists for both sizes and manikin forms on the trapped air gap volume. The means of air volume is the lowest when the manikin is in male form and in small size but the mean is the highest when the manikin is in female form wearing the jacket of Medium size. In short the fig. 5.3-9 shows a main effect of size and a main effect of gender on air volume entrapped and no interaction.                  A Pareto chart of standardised effects explains ,  any effects that extend beyond the reference line (red line) are significant. 
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 Figure 5.3-10. Pareto chart of standardized effects for Air volume 
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Fig. 5.3-10 demonstrates that gender and size both influence the air volume significantly when analysed individually. However the combined effect of gender and size is not very significant as the effect is below the red reference line (fig. 5.3-10) 
5.3.3 Summary In conclusion, when comparing a garment of the same size and construction on both a female and male body, the female body shape forms a greater air gap between the body and the garment inner surface as compared to the male body shape. The results also show that a looser garment of larger size entraps larger air volume. In present study the same manikin was used in male and female form which changed the air volume entrapped only by addition of the breast segments with the rest of the manikin remaining of the same size/configuration. The results are valuable for the objective thermal garment testing, especially in understanding the influence of the size and distribution of air gaps on garment thermal characteristics. However for actual human subjects the male geometry is different from the female body shape in all body sections, not just at the chest area. Therefore the total air volume and volumes across different body sections could be larger than the ones reported in this study for the females wearing the same size jacket as compared to males.  Consequently the results of present study clearly indicate that there is a need for modification of the existing firefighters’ jacket design to better suit the female human body geometry where the air volume can be optimized through garment design and engineering. It would be necessary to investigate further how the present results relate to the thermal performance of the protective jackets. Large volumes of entrapped hot air could adversely affect the thermophysiological comfort attributes of the protective jacket. Alternatively large air gaps could allow convection which could also affect comfort of the wearer.  Conversely small air gaps may not provide enough insulation and put the wearer at risk of skin burns as proven in previous research studies              [15, 23]. Further research is needed in this direction to clarify these issues.        
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5.4   Thermal comfort properties of firefighters’ protective 
jacket in existing design and fit The present study aims to find the influence of changing sizes and different human body forms on thermal and vapour resistance of the firefighters’ protective jacket.  In the previous section the firefighters’ protective jacket in existing design, construction and fit made from protective assembly B was evaluated to determine the fit of the jacket to the female body form. The study revealed that the larger air volume is trapped between the manikin skin and the inner surface of the jacket when the female of form of the manikin is wearing the protective jacket in existing design and fit  as compared to male form. The trapped air volume increased when the manikin was dressed with Medium size jacket. Thus, this section is focused to investigate the influence of the trapped air volume due to the fit of protective jacket on thermal and vapour properties of the jacket when examined on both manikin forms in both sizes (Small and Medium). 
5.4.1 Materials and methods The same Australian firefighters’ protective jacket which was investigated for fit into female form as shown in fig. 5.3-1 in Small and Medium sizes was evaluated for thermal comfort attributes. Standard test methods for measuring thermal and evaporative resistance of clothing using a heated manikin were used [24, 25]. The detailed procedure is described in Chapter 2. The manikin was dressed in firefighters’ jacket and trousers in both male and female forms. Investigation into fit and thermal comfort properties of the protective trousers is not the part of the study. In the present study the manikin was dressed in protective jacket and trousers to simulate the real situation as firefighters never use a jacket without trousers. The jacket overlaps the trousers from waist line and covers one third of thighs. In this overlapped section the thickness is doubled which ultimately significantly influence the thermal (IT) and vapour resistance (ReT) of this area. Therefore the manikin was dressed in the manner as shown in fig. 5.4-1. The boots, gloves and helmet was not included in the present study as the focus of present study is not to evaluate and compare the thermal comfort attributes of different ensembles. This study is only focused to determine the influence of size and fit on thermal comfort attributes. 
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The manikin is divided into twenty zones. To determine the total thermal and vapour resistance of the jacket, a group was created including the zones which are covered with jacket when manikin is dressed (i.e. hips, torso and arms only) (fig.5.4-2).                Figure 5.4-1. Thermal manikin dressed in firefighters’ protective jacket and trousers           (a)                                                                 (b) Figure 5.4-2. Manikin group for calculating jacket IT and ReT  a) Manikin front b) Manikin back The results were presented using bar charts having error bars presenting standard deviation indicating the variation of in each scan. 
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Factorial design analysis was used to find the influence of human body geometry and different sizes on IT and ReT. Main effects plot  for IT versus gender and size and Pareto chart of the standardized effects were plotted at α = 0.05. 
5.4.2 Results and discussion 
 
Thermal resistance (IT)  In the fig. 5.4-3 the total thermal resistance (IT) of the jackets are presented in both sizes (Small & Medium) and for male and female manikin forms. It is revealed from the fig. 5.4-3   that when the manikin is changed from male to female form   the IT increased about 7% in case of female form as compared to male form while keeping the size Small in both forms. The similar trend was not found when the size was changed from Small to Medium. For Medium size the IT is about 9% lower when the manikin is in female form as compared to the male form. 
  Fig. 5.4-3.  IT of jacket in both sizes on male and female form of the manikin  The only reason to show higher IT in case of female manikin form for size Small is the bigger amount of entrapped air volume in comparison to male form inside the microclimate of jacket and manikin when the manikin is dressed in female form as calculated in previous section 5.3 of this chapter. When the jacket size was changed from Small to Medium size, the air volume increased further for both forms of the manikin. However, IT decreased for Medium size in female form. The reason of decrease in IT is increased amount of trapped air volume due to which convection occurred and finally IT is reduced for size Medium when the manikin is in female form. In the following fig. 5.4-4 and fig. 5.4-5 IT for each zone in both sizes and both forms of manikin are presented. It is clear from the fig. 5.4-4 that each zone has higher IT when the manikin is in female form except the chest. When the manikin is changed from male 
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to female form, the breast plate is added to the manikin and in this case the gap between jacket inner surface and manikin breast is reduced and it is actually in contact with manikin surface at this section, which in turn results in lower IT at chest zone in female form as compared with male form.  
  Figure 5.4-4.  IT of protective jacket in size Small in each zone  The larger air volume due to the larger air gap thickness between manikin surface and jacket inner surface microclimate is a reason of higher IT across stomach, back and hips in case of female form. Fig. 5.4-4 also demonstrates that across hips the IT is nearly 1 m²K/W which is very high value and at this value jacket materials behave like an insulator. This value is not only due to the larger air volume entrapped at this area only but also overlapping of the jacket with trousers. For physiological comfort this is not acceptable, however if only the thermal protection is concerned, then this could be an acceptable attribute for thermal protection. Therefore in the new design of the jacket this area needs some modification which may assist in providing thermal comfort while maintaining the maximum protection to the female firefighters.  
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  Figure 5.4-5.  IT of protective  jacket in size Medium in each zone  When the size was changed from Small to Medium, then the male form had higher IT across chest, stomach, back and hips as compared to female form. The IT around stomach, back and hips is lower in female form as compared to male form because these zones of the manikin entrap most of the air and when the manikin is changed from male to female form and size is changed from Small to Medium the total air volume is increased across these two zones as discussed in the section 5.3; But due to this increase in air volume convection occurs and as a result the IT of these zones decrease.  
Water vapour resistance (ReT) In the following figures 5.4-6 the total vapour resistance of the jacket ReT is presented in both sizes and both forms of the manikin.   
  Figure 5.4-6. ReT of jacket in both sizes on male and female form of the manikin 
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It is evident from the fig. 5.4-6 that ReT is exhibiting the similar behaviour as IT with changing size from Small to Medium and manikin form from male to female. The reason behind the increased ReT for female form of the manikin, while dressing in Small size jacket, is the larger amount of trapped air volume between manikin surface and inner surface of jacket as discussed in section 5.3. On the other hand, when the jacket size was changed from Small to Medium, the ReT is slightly lower when the manikin is dressed in female form. There is further increase in trapped air volume when the jacket size was changed from Small to Medium. This larger air volume lowers the water vapour pressure of water vapours present between the manikin surface and clothing inner surface due to natural convection.  As a result most of the water vapour trapped inside clothing and thus the total evaporative resistance is lower when female form of manikin is dressed in Medium size jacket.  
 Figure 5.4-7. ReT of protective jacket in each zone in size small 
ReT for each zone for both sizes is following the similar trend as IT (fig. 5.4-4). The trapped air volume affects the ReT in the same manner as IT. 
  Figure 5.4-8. ReT of protective jacket in each zone in size Medium 
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Permeability index (Im) Permeability index was calculated for both sizes and both forms of the manikin.  
  Figure 5.4-9. Permeability index Im for both sizes  It is clear from the fig. 5.4-9 that the permeability index is highest for size Small when the manikin is dressed in male form. When the manikin is dressed in Small size the permeability index for female form of the manikin is 9% lower than male form of the manikin. When the size is changed from Small to Medium, permeability index is further decreased 8% for female form as compared to male form. The reason of this influence is the inappropriate fit of the existing design and construction of the protective jacket for female body form. These results suggest that existing jacket design and fit needs to be improved for the females from physiological point of view. 
Statistical analysis The P value for IT versus is 0.585 and versus size 0.389 indicating the change of size from Small to medium affects IT to greater extent than the change of gender. In the following fig. 5.4-10 and 5.4-11 main effects plot and Pareto chart of standardised effects for IT for both sizes and genders are presented. 
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Figure 5.4-10. Main effects plot for IT and manikin shapes The lines are intersecting to each other for both sizes. There is an interaction for both sizes of the jacket and manikin forms on IT of the jacket. The mean IT is lower for the male form of the manikin in Small size and higher for the size Medium. But when the manikin is in female form, the change of size from Small to Medium adversely affects the IT of jacket. IT is lower when the jacket is in Medium size for female manikin shape. The effect of size variation is larger than the effect of the changing the form of the manikin from male to female form. 
 
 
 
 
 
 
 
  Figure 5.4-11. Pareto chart of the standardized effects for IT 
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Pareto chart of standardized effects demonstrate that the size and shape of the manikin individually do not affect IT significantly whereas both factors together have a significant influence on IT as the effect is beyond the reference line. The statistical influence of both manikin shapes and protective jacket on vapour resistance is also similar to IT. The main effect plot, interaction plot and Pareto chart of standardized effects for Ret are also same as for IT because the results of IT and ReT follow the identical trend with variation of manikin forms and protective jacket sizes. 
5.4.2 Summary This study demonstrates that thermal and vapour resistance of clothing are affected significantly by the amount of entrapped air volume in the microclimate between manikin surface and inner surface of clothing. Reduction in thermal resistance and vapour resistance with larger trapped air volume beyond certain limits is beneficial for the wearer’s thermal comfort but on the other hand if the jacket is very loose and heavy it might restricts the body movements. Therefore, making a loose protective jacket which can entrap a lot of air inside is not a solution to maximize thermal comfort attributes of the jacket. The areas under the chest/bust (referred as stomach), back and hips are the one which need to be modified in the new design. The jacket should also be evaluated subjectively to determine how the looseness or tightness affects the wearer’s thermal and ergonomic comfort perception.  The permeability index is also lower when the same size and style is used for the female manikin form indicating reduced physiological comfort when the same jacket is used on female form. In the present study the manikin was used in both male and female forms and changing of male manikin into female form involves the addition of breast plate while the rest of the manikin shape remains same. The addition of breast plate changes the air gap size and distribution across all the body zones ultimately affecting the overall physiological comfort when the manikin is in female form. This implies that the body geometry is an important factor to take into account when designing the protective jacket for females. Therefore the present study suggests that for female firefighters, the existing firefighters’ protective jackets are not capable to provide proper fit and same physiological comfort as they provide to the males. Thus modified design of the protective jacket with different size specifications and well suited to their body geometry should be made available for the female fire fighters.   
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5.5 Subjective assessment In the previous two sections (5.3 and 5.4) the objective evaluation of the protective jacket made from protective assembly B in existing design and construction was conducted as relevant to its fit and thermal comfort attributes on male and female forms of the manikin. Both of these investigations revealed that the jacket with existing design and fit is inappropriate to use for female firefighters because it offered higher thermal and vapour resistance when the same size was used for female form of the manikin as compared to the male form of the manikin. During fire-fighting the use jackets with comparatively high thermal and vapour resistance increase the risk of heat stress for the wearer. The heat stress occurs because of the adverse changes in the values of the human physiological parameters (heart rate, core and skin temperatures) and the physical parameters of the microclimate under the jackets. As a consequence, it contributes to reduction in the permissible working time and impairs the performance of the user. Ideally, the sizing of the protective clothing should reflect human body dimensions to avoid these kinds of the problems. In the present study, the jacket with existing fit and design in size Small (the same jacket evaluated in previous section of the present chapter of the thesis) was subjectively evaluated to gain insight about the size, fit and thermal and ergonomic comfort of the jacket for females. The results arising out of the objective and subjective assessments were analysed together to make recommendations for the new prototype protective jacket. Ethics approval for the subjective assessment of the jacket was obtained from RMIT University Human Research Ethics Committee (CHEAN A-2000605-11/11). 
5.5.1 Materials and methods  
Materials and subject  
• Firefighters’ protective jacket in existing design and fit in size Small (fig. 5.3-1)  
• Grid paper 
• A step, 34cm higher than floor level 
• Subject (Female volunteer) 
o Characteristics of  female volunteer Only one female was recruited for subjective assessment for the present study. Due to this, the present study would be considered to be preliminary and will have to be extended for further validity of results.  
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The subject who participated in the study was chosen on the basis of the National Health Survey 2007-2008 conducted by Australian Bureau of Statistics. The subject was selected to present the average Australian women. The attributes of the subject are very close to the attributes of an average Australian woman (Table 5.5-1). Table 5.5-1   Attributes of an average Australian women and subject Body land mark Points Average Australian Women subject (Female volunteer) Height 162.1cm 167.3cm Weight 70 kg 68.5 kg Waist 85.8 cm 87 cm Hips 101.9 cm 105 cm  
• Questionnaire  A questionnaire was designed consisting of four parts (Appendix I).  All questions were selected to gain information about the volunteer participant, the fit of the protective jacket and her thermal and ergonomic comfort perception when wearing the jacket. To investigate the items related to the attributes of the volunteer participating in the study, a combination of open-ended and forced multiple questions were used. At the end of each question, additional space was provided to comment or share any suggestions.  In Part I, to record the volunteer participant attributes, items included a forced multiple choice question related to age and open-ended questions regarding her gender, height, clothing size and size of the jacket worn during the present study (Part I, Appendix I). Part II was designed to gain information about the fit of the jacket and ergonomic and thermal comfort perceptions while wearing the jacket.  The first question of Part II was about the fit of the protective jacket at certain sections of the upper body from neckline to the hips such as shoulders, neckline and waist. The choices provided were based on the investigation of fit and assessment of thermal comfort attributes of this jacket in previous two sections (5.3 and 5.4) of the present chapter. The volunteer was asked to rate, on a five point rating scale. (Question 1, Appendix I). The scale included the options: too loose, slightly loose, perfect fit, slightly tight, very tight. ‘Perfect fit’ refers to feeling neither loose nor tight.  A follow up question gained information about armholes specifically, if there is any gathering/bunching of extra fabric at the armhole and to what extent (Question 2, Appendix II). Generally, shoulders of males are wider 
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than females and the present jacket is entirely based on the male physique so there may be the extra fabric around shoulders and armholes for jacket.  These two questions were asked to ascertain whether and how the volunteer wanted to improve the fit of the jacket. Further, the volunteer was asked about the weight of the jacket through a forced multiple choice question on a five point rating scale (Question 3, Appendix I). The volunteer participant was also asked to rate the jacket in terms of ease of movement, ease of donning and ease of doffing on a five point rating scale.  The rating scale included the options: most restrictive, very restrictive, somewhat restrictive, satisfactory, and very comfortable. These questions elicited information about the volunteers’ perceptions of ergonomic comfort when wearing the protective jacket in existing design and fit (Question 4, Appendix I). The last question was about the overall rating of comfort of the jacket on the given rating scale (Question 5, Appendix I).  In  Parts III and IV the same questions starting from question 1 of Part II to question 5 were repeatedly asked to determine thermal and ergonomic comfort of the volunteer after exercising in standard normal and standard hot conditions. An extra question with forced multiple choices was added to determine her perception of the jacket when the body sweats after physical activity under standard normal and hot conditions (Part III and Part IV, Appendix I).  
Test protocol 
• The assessment was carried out under the following environmental condition: Standard normal conditions         23°C ± 1°C, RH%, 65% ±3%,  Air velocity 0.06m/sec ±.02 m/sec Standard hot conditions                 35°C ± 1°C, RH% 35% ± 3%                                                                               Air velocity 0.06m/sec ±.02 m/sec These are the same conditions in which the standard testing of the thermal and vapour resistance of the protective jacket in existing design and fit was determined by thermal manikin Newton. 
• First of all subject wore the size Small  of the protective jacket along with protective trousers in size Small  under standard normal conditions which are  23°C ± 1°C and 65%RH ±3%RH,. During the subjective assessment of the present jacket, subjectsubject was only wearing bra and no other under-shirt. Subject was asked to move her arms upwards and downwards across the body as shown in following fig. 5.5-1 (a,b,c).   
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                         (a)                                                                      (b)                                                                                                   (c) Figure 5.5-1. a) Standing with normal posture b) Moving arms upwards across body              c) Arms moved above the body 
• The protective trousers were also worn to gain the information on the total impact of the protective garment on fit, ease of movement, weight. 
• Then, the environmental conditions were changed from standard normal to standard hot conditions and the same procedure was repeated as under standard normal conditions. 
• After this task, subject was given Part I and II of the questionnaire to answer questions about the jacket size, fit and ergonomic comfort under the standard normal and hot conditions without any exercise. 
• The conditions were again set back to the standard normal conditions. 
• Her Heart rate was recorded at rest before exercise in standard normal conditions. 
• Subject was asked to perform step up and step down exercises involving natural arm movements backward and forward along the body under standard normal conditions while dressed only in the protective jacket. The protective 
160 | P a g e   
trousers were taken off because during exercise, trousers restricted movements. Also the fit of the trousers is not relevant to the present study.  I. Heart rate recording started. II. Started by standing with feet a little less than shoulder-width apart, in front of a step. III. Kept the back of the body straight and stepped up with left leg.  IV. Left leg was pulled up onto the step with a steady and controlled movement (fig. 5.5-2(a)). 
          (a)                                                   (b) Figure 5.5-2. a) Stepping up b) Standing on the step            Figure 5.5-3 Stepping down back to floor 
V. Then the right leg was stepped up following the left leg to join the left leg (fig. 5.5-2 (b)). 
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VI. To continue the exercise, stepped down the right foot first and then the left foot and returned to the starting position on floor (fig. 5.5-3) VII. The volunteer participant repeated these actions 30 times. This repetition was decided after preliminary trials with female volunteer. 
• Heart rate recording record summary stopped 
• The heart rate summary was recorded again immediately after the exercise.  
• Taken the jacket off and subject was allowed to rest in her normal clothing  
• The questionnaire was provided to her again to fill in Part III. 
• To continue the trial under standard hot conditions, the female volunteer was asked to relax until her heart was back to the normal rate in standard normal conditions. 
• For the second trial, the environmental conditions were changed from standard normal to standard hot conditions. 
• The jacket was given to her to put on again. 
• Heart rate recording started again. 
• Step up and step down exercise was repeated again with 30 repetitions. 
• The heart rate summary was recorded again. 
• Finally subject was given the questionnaire to complete Part IV. 
Definitions of body landmarks Some body landmarks were used in the questionnaire and in discussion to describe the existing design and fit of the protective jacket. The definitions of these body landmarks are provided below to enhance understanding of the results.      
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Table 5.5-2. Body landmarks definitions 
Body landmark ISO 8559:1998 Location 
Shoulder tip The tip of the shoulder is located at the centre of the acromion or most prominent point of the acromion at the shoulder (fig. 5.5-4) 
Cross shoulders  Cross shoulders is measured from one centre of acromion to the other centre of acromion. 
Chest/bust Circumference measured around the most prominent part of the chest at the chest/bust level. For females it is the fullest part across nipples and for males it across nipples’ centre (fig. 5.5-5). 
Waist The girth of the natural waist line. The natural waistline is located at the side of the body between the lowest rib and the top of the lilac crest (at the navel or the narrowest part of torso) (fig. 5.5-5). 
Hips Circumference measured at the most prominent part of the body across buttocks (fig. 5.5-5). 
Arm Length Distance measured from acromion over the elbow point to carpus (wrist bone) with arm relaxed at the side       (fig. 5.5-6). 
 
 
 
 
 
 
 
 
 Figure 5.5-4. location of shoulder point 
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   Figure 5.5-5. Chest/Bust, waist and hips level to measure circumferences around them 
 
 
 
 
 
 
 
 
 
 
 
 
                        Figure 5.5-6. Measurement of arm length 
 
 
 
 
 
                                      
Measurement level of chest/bust girth 
Measurement level of hips girth 
Measurement level of waist girth 
A 
B 
Distance from A to B is arm length 
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5.5.2 Results and discussion The subjective assessment of the jacket elicited the following useful information: 
• The volunteer subject wears medium sized everyday clothing but for the present study subject preferred to put on the jacket in size Small. The size Medium was very loose on her and did not appear to fit well. 
• The jacket is perfectly fit (neither tight nor loose) in the shoulders, although the shoulder length of the jacket is greater than the volunteers’ actual shoulder length. Subject reported that the jacket feels loose at bust and elbow and slightly loose around neck, waist and wrist in standard normal and hot conditions without any exercise.  
• The lower weight of the jacket is preferable under both conditions. 
• The jacket feels hot in hot conditions especially around bust, waist and hips without exercise. 
• Without any exercise, the jacket feels hot in hot conditions especially around the bust, waist and hips. 
• When the jacket is worn with trousers, they overlap and at the site of this overlap it seems bulky around the hips and very hot in hot conditions, without exercise. 
• The length of jacket was reported comparatively longer by the volunteer subject. 
• During exercise the volunteer subject reported feeling uncomfortable around her neck and wrist in standard hot and normal conditions. Under hot conditions, subject reported feeling very uncomfortable. This uncomfortable feeling is due to the longer length of the jacket sleeves compared with the actual arm length. The jacket rubs against the skin at the wrist and around the neck which irritates the wearer.  
• The Jacket feels heavy during exercise in hot conditions.  
• During exercise, around the waist the jacket feels very loose, and in hot conditions very uncomfortable. 
• During exercise in the presence of sweating, the jacket feels very uncomfortable in hot conditions than in the standard normal conditions. Under the standard normal conditions the feeling is the same as with no exercise.  
• The volunteer subject did not agree to do exercise while keeping the trousers on because when the protective jacket and trousers were worn together, the overlap was restrictive to movements. Therefore, subject preferred to perform the exercises wearing only the protective jacket. 
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• The jacket is easy to put on and take off in all situations. 
• The overall comfort rating for the jacket is satisfactory when worn in standard normal conditions with and without exercise; however in hot conditions during exercise it feels hot and very uncomfortable. 
Jacket overlapping over the hips analysis There must be an overlapping of the jacket over the hips to provide enough protection. In the case of the present jacket this overlapping was found to be longer than the hips. Therefore to determine the length of overlapping of the jacket in existing design and fit over the trouser following procedure was adopted. 1. The subject put on the trousers and was asked to stand against a grid background in her natural standing posture on foot marks as shown in fig. 5.5-7. 2. The foot marks were placed to enable the same standing position for each. The size of each grid is 12cm × 12 cm. 
 
 
 
 
 
 
 
 
 
 
                    Figure 5.5-7. Standing in natural posture against grid background The position, where the trouser waist was on the body of the female volunteer, was marked (fig.5.5-7). 3. Then subject put on the jacket and stood against the same background at her previous location in a natural posture as shown in fig. 5.5-8. 
 
Trouser waist position 
166 | P a g e   
 
 
 
 
 
 
 
 
 
         Figure 5.5-8. Dressed in protective jacket and trousers I. The second line was marked at the jacket hem as shown in fig. 5.5-8. The distance   between these two lines was measured and marked as A = 42cm which represents the total overlapping of the jacket over trousers (fig.5.5-8).  II. A third line was drawn between the two previously drawn lines. This line was at the position of hips of the female volunteer (fig. 5.5-9). 
 
 
 
 
 
 
 
 
 
   
   
   
 
 
                                              Figure 5.5-9  Marking of hip line 4. The distance between the upper line indicating the trouser waist position, and the hip line was measured and marked as B = 20cm.  The distance between the lower line indicating jacket hem and hip line was marked as      C = 22cm (fig. 5.5-9).  Therefore, 
Trouser waist position 
Jacket hem position 
A = 42  
Hip Line B = 20 cm 
C = 22 cm 
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Total overlapping of jacket over trouser = overlapping up to hip line + overlapping  beyond hip line This equates to: A = B+ C                                 42 cm = 20cm + 22cm The distance C = 22cm is an extra overlapping of the jacket over the trousers beyond the hips of the female volunteer. 5. The subject raised her arms and and stretched straight to the sides of the body at 180°. By raising the arms up to this position, the jacket moved slightly upwards by 1cm as shown in fig. 5.5-10    
 
 
 
 
  
 
 
 
 
 
              Figure 5.5-10. Marking of jacket hem position  6. Then subject raised her arms straight up above her head, as shown in fig. 5.5-10.             
 
Jacket hem position with stretched arms 
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                   Figure 5.5-11. Marking of jacket hem positions after raising the arms above head In this position the jacket hem position moved upwards over the trousers and shifted 2cm below the hip line, which means that jacket hem was raised by 20cm from its original position as C = 22 cm  (fig. 5.5-10).   This implies that, across different arms movements, the maximum jacket movement towards the trouser waist line is 20cm involving different arms movement.  Therefore, if the jacket hem ends at the hips of the female volunteer, it will provide the required overlapping for protection (as B = 20cm) and an extra 2cm can be added beyond the hips to further increase tolerance for protection. 
5.5.3 Summary The subjective assessment suggests the following modifications of the existing design and fit of the protective jacket for female firefighters: 
• The jacket sizes are incorrect for female firefighters. A female who normally wears medium sized everyday clothing, cannot wear the jacket in this size. Subject would prefer to wear the jacket in Small size 
• The sleeve length of the jacket needs to be adjusted and the opening at the wrist needs modification. The collar length also needs to be adjusted to avoid rubbing with skin. 
• After physical activity, the jacket feels hot at the bust and waist: at the bust it is in contact with the skin and at the waist there is a large gap that accumulates hot air and makes the jacket feel hot.  
• The jacket design needs some changes at the hips to minimise overlapping at this point. In the existing design and fit, the jacket overlapping is about 20cm beyond the hip line. The long length of the 
Hip Line B = 20 cm 
C = 22 cm Jacket hem position after raising arms  
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jacket can block the entrapped air inside the microclimate of body and clothing and may restrict air circulation. This situation can lead to increased physiological strain for the wearer and which may impact their performance. 
• The new prototype jacket should be more tailored to suit the female human body’s’ geometry so that there is an even fit at different sites of the body.                            
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5.6  Conclusion and recommendations The results indicate that thermal resistance (Rct) and vapour resistance (Ret) are affected significantly by different air gap sizes, increase when the air gap size is increased, and achieve a stable state with any further increase. In the present study, the protective assembly exhibits highest Rct and Ret at air gap of 15mm when air gap is increased from 0mm-15mm. This is due to larger amount of still air being present between heated plate and the three layer protective assembly, when air gap size is increased.  Further increase beyond 15mm did not result in any increase of Rct and Ret of the assembly.  It would be necessary to carry out further investigations to understand the behaviour of Rct and Ret with increase of air gap beyond 30mm. Further, to keep Rct lower an air gap size of 10mm-15mm is preferable. This implies that the resultant jacket, made of the three-layered protective assembly investigated here, should be able to distribute an air gap size of 10mm-15mm evenly across the body. However, this is an ideal situation and realistically impossible due to variations in human body geometry. To address the variations of human body geometry the anthropometric studies of female Australian firefighters are essential to conduct.  When designing the new jacket for female firefighters, the impact of varying air gap sizes and distribution on thermal comfort attributes should be considered. Attempts should be made to distribute the air gap sizes between 10mm-15mm as much as possible. Once the body heat is transferred from human skin to the jacket due to the presence of suggested air gap sizes between the body and the jacket inner surface, the jacket has to transfer this excess heat to the outside environment by ventilation through openings or by pumping effect during body motions when fire fighting.  Thus, the design, construction and the fit of the new prototype jacket that takes into consideration the human body geometry is of prime importance.   The study has contributed to understanding of the impacts of varying air gap sizes on thermal comfort attributes of the protective assembly. From the findings of this investigation, it is possible to recommend required ease allowances in the new jacket for female firefighters.  The ease of a garment generally means the air gap size, or vacant space, between the body and the inner surface of the garment.  In Section 5.3, the fit of existing firefighters’ protective jacket was investigated on a female form. The study revealed that when a garment of the same size and construction is compared on both a female and male body, the female body shape forms a greater air volume between the body and the garment as compared to the male body shape. In the present study, the same manikin was used in male and female forms which changed the air volume entrapped only through the addition of the breast 
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segments with the rest of the manikin remaining of the same size/configuration. The results are valuable for the objective thermal garment testing, especially in understanding the influence of the size and distribution of air gaps on garment thermal characteristics. However for actual human subjects the male body geometry is different from the female body shape in all body sections, not just at the chest area. Therefore, the total air volume and volumes across different body sections could be greater than the ones reported in this study. The results of present study clearly indicate that there is a need for modification of the existing firefighters’ jacket design to better suit the female human body geometry where the air gaps can be improved through garment design and engineering. The results were analysed statistically using factorial design analysis and plotting main effects plot, interaction plot and Pareto chart of standardised effects. The change in size and body shapes was found to influence the entrapped air volume significantly. Both of these factors increase the amount of trapped air volume in the microclimate between manikin surface and inner surface of jacket.  Further to the fit evaluation of the jacket, in the Section 5.4 the influence of entrapped air volume on thermal comfort attributes of the existing design and fit protective jacket was investigated. The findings suggest that existing design and fit of the protective jacket are unable to provide the same level of thermal comfort to males and females. The study revealed that when the size of the jacket is changed from Small to Medium and the manikin changed from male to female form, the IT and ReT of the jacket dropped. It seems to be advantageous but in fact the looser garments are unacceptable because they are heavy and bulky and could be restrictive to the body movements. However, when the manikin in both forms is dressed in the size Small jacket, the IT and ReT are higher when the manikin is in female form. This is an indication that keeping the same size and the style of the garment and changing the human body shape increases the trapped air volume between the manikin surface and jacket inner surface. Consequently, the existing design and fit of the jacket of same size are unable to provide the maximum thermal comfort for females. From the study it is evident, that the areas under the bust (referred as stomach), back and hips are mostly affected and should be modified to fit the female body geometry. The larger amounts of air volume entrapped in these areas may increase the susceptibility of female firefighters to burns due to movement of hot air from outside towards skin. Also, due to long overlapping at the hips, physiological comfort is reduced.  In addition to these investigations, the same jacket was subjectively assessed to determine thermal and ergonomic comfort. The female volunteer for the present study 
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wears medium sized clothing but felt this size of the jacket not right for her, and preferred to wear the Small sized jacket. Thus available sizes of the jackets in existing design and fit need to be modified to provide better fit for females. The length of the jackets’ sleeves and the collar need to be adjusted as their edges rub with skin during movements, which feels irritating to the wearer. Around the waist area, the jacket feels very hot and bulky because the jacket was very loose on the waist for the female volunteer. When the protective trousers were worn with the jacket, the jacket felt very uncomfortable around the hips. It was hot, heavy and bulky at this site. The jacket was also found to be too long (20cm long beyond hips).  In this situation, when the jacket and trousers both are worn together, air around the waist can be blocked which may affect the performance of the wearer. Therefore the new prototype needs to be shortened in length. New prototype jacket should be better tailored to suit the female human body geometry so that there is an even fit at different sites of the body.  In summary, this chapter contributes understanding of the impact of different air gap sizes (that are created due to the fit of clothing) on thermal comfort attributes of the protective jacket in existing design and fit. Furthermore, it emphasises that the design, fit and size of the protective jacket in relation to the human body’s geometry is important to attain the maximum thermal attributes of clothing. The investigations of this chapter helped to identify the areas that are most affected due to inappropriate fit of jacket in existing design and construction for females and generated recommendations for the new jacket.               
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6 Prototype of new protective jacket            To make the new prototype jacket for the female firefighters a new pattern was developed basing on the existing design of the jacket in Small size was developed, according to the recommendation provided in Chapter 5.  These recommendations were identified after analysing the results of objective and subjective assessment of the jacket.                From the fit analysis of the jacket in existing design and fit (Chapter 5) it is evident that the Small size of the jacket entrapped a larger air volume between the female form manikins’ skin and jackets’ inner surface as compared to the male form. The results clearly indicated the need for modification of existing firefighters’ jacket to suite better to the female human body geometry. Further, when the protective jacket in existing design and fit in Small size was evaluated for thermal comfort attributes as relevant to different human body geometries, the results revealed that it was unable to offer the same degree of thermal comfort to both males and females. Thus, the study highlighted the impact of human body geometry on thermal comfort attributes offered by the jacket. Finally the results of objective and subjective assessments were analysed together and suggested that the existing design, construction and fit of the jacket can be further improved to enhance the thermal comfort attributes offered by the new prototype protective jacket. As a result, the new pattern was based on the construction of the protective jacket in existing design and construction in Small size.  However, it was not possible to construct the new pattern to completely address the required measurements due to manufacturing constraints. For example, the waist measurement could not be reduced to the required value due to the placement of radio pockets on both sides of the front panel of the jackets which are manufactured according to the standard AS/NZS 4967:2009, specifying the size and the placement of the radio pockets. In the Table 6.1-1, the measurements of the new prototype jacket and jacket in existing design and fit in Small size are described.  
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6.1 Pattern development for the new prototype jacket             The fig. 6.1-1, 6.1-2, and 6.1-3 demonstrate the process for the development of the new prototype pattern, which was carried out using Lectra pattern making software.             Figure 6.1-1. Front panel of the jacket (The blue colour pattern is for jacket in existing design and fit, the red colour pattern is for the new prototype jacket) In the fig. 6.1-1, A-B is the waist measurement line, C-D is the reduction in length of the front panel of the jacket             The waist measurement A-B was reduced by 3cm. In existing design the jacket length is longer than the standard requirement (AS/NZS 4967:2009); therefore, in the new prototype jacket, the front length of the jacket was reduced by 15cm.            
Reduction in length of front panel of the jacket  
A B 
C 
D 
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 Figure 6.1-2. Main bodice block of the jacket, where in the fig. 6.1-2, A-B-C is armhole length, B-D is cross shoulders, E-F is back length          In existing design the protective jacket was loose around the armhole when evaluated subjectively. To adjust the jacket fit around armhole, the armhole length (A-B-C) was reduced by 6cm. The cross shoulder measurement of the jacket was also longer than the required cross shoulder measurement for the female volunteer and it 
A 
B 
C 
D E 
F 
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was reduced by 2cm (B-D). Back length (E-F) was reduced by 15cm, similar to the front length. The modifications of all the measurements are provided in the Table 6.1-1. 
 
 
 
 
 
                                                                             
 
 
  
 
 Figure 6.1-3. Sleeve cuff end pattern of the jacket, where in fig. 6.1-3, A-B is cuff opening width   which is reduced by 1cm in the developed pattern. Table 6.1-1. Measurements of existing and new prototype jacket Mean Measurements (cm) Protective jacket in existing design and fit (Small)  
New Prototype jacket 
Weight of the jackets 1.932 Kg 1.782 Kg Cross shoulder, CS 54 52 *Chest/bust, CB 122 124 *Waist, W  116 111 *Hips, H 116  111 Sleeve length, SL 60 59 Armhole length 58 52 Cuff opening 35 34 Back length, BL 81 66 
*The measurements around chest, waist and hips are given a circumference. 
B A 
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        Figure 6.1-4. Measurement guide for existing and new prototype jacket 
 
 
 
 
   (a)                                           (b) Figure 6.1-5. a) Volunteer subject dressed in protective jacket in existing design and fit                               b) Volunteer subject dressed in new prototype jacket            From the fig. 6.1-5(a,b), it is clear that the new prototype jacket is shorter in length, with reduced sleeve length and width, and better suited to the female body geometry  compared to the existing fit of the protective jacket.     
 
Waist 
CS SL 
Cuff opening Hips 
Bust Armhole length 
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6.2 Investigations into fit of the new prototype jacket on female 
body form            The fit of the new prototype jacket was assessed by using a similar method to that used for the protective jackets in existing design and fit in Small and Medium sizes on male and female forms of the manikin (Chapter 5).              The results of the assessment were compared to the results of the protective jacket in existing design and fit in Small size.  
6.2.1 Results and discussion              In fig. 6.2-6, the total air volumes entrapped between the manikin surface in female form and the inner surface of the jackets are presented. 
 Figure 6.2-6. Total air volume entrapped between manikin surface and the jackets’                                inner surface              Fig. 6.2-6 demonstrates that the new prototype jacket entrapped 28% less air volume between the manikin surface and the jacket inner surface compared to the protective jacket in existing design and fit in Small size, which is a significant amount. These results indicate that the new prototype jacket seems to be tailored substantially better to the female body shape. The samples of the new prototype jacket need to be further investigated to determine the impact of reduced trapped air volume between the manikin surface and jacket inner surface on thermal comfort attributes when the female form of the manikin is used. 
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6.3 Evaluation of thermal comfort attributes of new prototype 
jacket              For the assessment of thermal comfort attributes of the new prototype jacket, a similar procedure to that used for the protective jackets in existing design and fit was followed using thermal manikin Newton, discussed in Chapter 5 (section 5.4).            To obtain the total thermal and vapour resistance (IT and ReT respectively) of the protective jackets in existing design and fit a group was created including the hips region.  The zones in the group are those which are covered by the jacket when manikin is dressed (fig. 5.4-2).           The manikin was dressed in the new prototype jacket in a similar manner as the protective jacket in existing design and fit described in Chapter 5 as shown in fig. 6.3-7.         Figure 6.3-7. Thermal manikin dressed in new prototype jacket  
6.3.1 Results and discussion           The total IT of the new prototype jacket compared with the IT of the protective jacket in existing design and fit (Small size) is presented in the following fig. 6.3-8. 
 Figure 6.3-8. IT of New prototype jacket and jacket in existing design and fit (Size S) 
0.444 
0.557 
00.10.2
0.30.40.5
0.60.7
New prototype jacket Protective jacket inexisting design and fit(Size S)
I T
(m
2 K
/W
) 
182 | P a g e  
 
                  The IT of the new prototype jacket is 25% less compared to the IT of the protective jacket in existing design and fit. Therefore, it is clear that the IT of the new prototype jacket is reduced by a substantial amount compared to the jacket in existing design and fit, indicating less thermal resistance is offered by the new prototype jacket to loss the body heat to the outside environment compared to the protective jacket in existing design and fit when used for females. The reduction of total IT of the new prototype jacket is attributed to the reduced entrapped air volume between manikin surface and the jackets’ inner surface when the manikin in female form is dressed in new prototype jacket.  
            Figure 6.3-9. IT in each zone of new and the protective jacket in existing design and fit (Size S)            As demonstrated in fig. 6.3-9, the IT in each zone of the manikin is lower for the new prototype jacket compared to the protective jacket in existing design and fit except around the bust. Due to the weight of the protective jacket in existing design and fit aimed for the male body, the jackets’ inner surface was in contact with the female form of the manikin surface and there was no air gap present at this area. But in the new prototype jacket which is tailored to fit the female body shape, there are some air gaps present between the manikin surface and the jacket’s inner surface which increase the 
IT slightly around the bust. The IT around the hips for the new prototype jacket is 31% lower compared to the IT at hips of the protective jacket in existing design and fit, which is a significant (fig. 6.3-9). The reduction in IT of each zone except the bust of the manikin reveals that the entrapped air volume around these zones is smaller for the new prototype jacket compared to the protective jacket in existing design and fit.              The reduction in IT of the whole jacket and also each of its defined zones when manikin is dressed in new prototype jacket does not influence on protective attributes of the jacket. The three layer protective assembly used to make the new prototype 
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jacket conforms to required protective attributes as per AS 4967: 2009. In the present study, the influence of air gaps on thermal comfort attributes were studied, which do not have an impact on protective attributes offered by three layer protective assembly alone.            In following fig. 6.3-10, ReT of the new prototype jacket is presented compared to the protective jacket in existing design and fit. The ReT of the new prototype jacket is substantially lower compared to the ReT of the protective jacket in existing design and fit. The ReT is 18% lower compared to the ReT of the protective jacket in existing design and fit.  
 Figure 6.3-10. ReT of New prototype jacket and protective jacket in existing design and fit (Size S)             The ReT for the new prototype jacket in each zone of the manikin is also lower compared to the Ret of the protective jacket in existing design and construction in each zone (fig. 6.3-11). 
 Figure 6.3-11. ReT in each zone of new and the protective jacket in existing design       and fit               The objective testing indicates that the new prototype jacket is able to provide improved thermal comfort for the female firefighters compared to the protective jacket in existing design and fit. 
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6.4 Subjective assessment of the new jacket                The subjective assessment of the new jacket was carried out using similar method to that used for the protective jacket in existing design and construction.  The feedback after subjective trial included: 
• The new prototype jacket is perfectly fit and is neither loose nor tight anywhere around the body. 
• In the new prototype jacket, the sleeve edge at the wrist and the collar edge are not irritating during the movements for the female.  The edges do not touch to the skin due to the reduced sleeve length. 
• The new prototype jacket is 8% lighter in weight than the protective jacket in existing design and fit (Table 6.1-1). 
• When the existing protective trousers was also put on along with the new prototype jacket, there was no feeling of excessive bulkiness or hotness around hips and movement was not restrictive than when wearing the protective jacket in existing design and fit with the same trousers.  
• After exercise, in standard normal and standard hot conditions, the comfort perception of the jacket rated by the subject, in relation to fit and thermal comfort was identical. Subjects’ previous comfort rating of the protective jacket in existing design and fit in standard hot conditions was very uncomfortable. In case of new prototype jacket, subject rated the jacket relatively comfortable as relevant to its fit and thermal comfort after exercise in both environmental conditions 
• The new prototype jacket was rated as comfortable in terms thermal and ergonomic comfort in both standard normal and hot conditions.            
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• In fig. 6.4-1 subject is shown while dressed in the new prototype jacket and the protective jacket in existing design and construction in Small size.  
 
 
 
 
 
 
                            (a)                                                                                                                 ( b)  Figure 6.4-1. Subject dressed a) in protective jacket in existing design and fit and b) in new prototype jacket            As demonstrated in fig. 6.4-1, the new prototype jacket’s length is reduced (as indicated by the hem position of the new prototype jacket). In addition, the sleeve length and waist measurements are reduced providing better fit to female form unlike the protective jacket in existing design and fit and it does not appear loose and bulky on the female volunteer. 
6.5 Conclusion             In this chapter the new prototype jacket was investigated for its fit and thermal comfort attributes as relevant to the female body geometry, objectively and subjectively by following the same methods used to evaluate the fit and thermal comfort attributes of the protective jacket in existing design and fit.             The results indicate that when the manikin was dressed in the new prototype jacket, total air volume entrapped between the manikin surface and the jacket was 28% lower than the air volume entrapped when the manikin was dressed with the protective jacket in existing design and fit in Small size. This is a substantial amount.  The thickness of protective assembly was ignored for the present study to calculate the total air volume entrapped between the manikin skin and jacket inner surface. The thicknesses of the protective assemblies for the protective jacket in existing design and fit and the new protective jacket were the same as both were made from the protective assembly B. If a constant value of jacket volume which corresponds to the thickness of the jacket is subtracted from the trapped air volume in both cases, the impact of jacket thickness would be the same on entrapped volume. 
Jacket hem position 
Trouser waist position 
Hip Line 
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            Further, the impact of this decreased air volume on the thermal comfort attributes of the new protective jacket was determined. The IT and ReT offered by the new prototype jacket were 25% and 18% lower respectively as compared to the IT and 
ReT of the protective  jacket in existing design and fit in Small size signifying that the body will generate less heat if females wear the new prototype jackets. This implies that the new prototype jacket has a greater ability to transfer body heat and moisture to the outside environment than the protective jacket in existing design and fit, which is a substantial positive achievement.            Finally, the subjective assessment of the new prototype jacket was also carried out. Feedback form the volunteer subject about the new prototype jacket was very positive. Subject reported, she was comfortable as relevant to the fit, thermal and ergonomic comfort offered by the new prototype jacket. Subject rated the new prototype jacket comfortable in standard normal (23°C, 65%RH) and standard hot conditions (35°C, 35%RH) before and after performing the exercises.            These findings suggest that the size and fit of the protective clothing has a considerable impact on its thermal comfort attributes regardless of the materials used. In addition, the existing design and fit of the protective jacket should be modified for the female firefighters. Their body geometry should be taken into consideration while designing their protective jackets.          
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7 Final conclusions            The present research aimed to initiate an innovative design, style and construction of a protective jacket for female Australian firefighters’ offering best fit and size to them through a better combination of skin layer fabrics and protective fabric assemblies. In addition, the study aimed to demonstrate the importance of anthropometric studies for female Australian firefighters.            The outcomes of the present research in relation to these objectives are detailed below: 
Thermal comfort attributes of skin layer fabrics            In Chapter 3, six commercially available knitted fabrics which are most commonly used in skin layer garments including 100% wool, different wool blends, 100% cotton and 100% polyester in different knitted structures were studied. The results verified that 100% wool or wool blends in single jersey structures having mass per unit area of 130-190g/m2 are preferable for use as skin layer garments in extreme hot conditions because of their lower vapour resistance and higher liquid moisture management properties. However, 100% cotton and polyester are considered better to use in hot conditions due to their higher thermal conductivity compared to 100% wool and wool blends. When thermal comfort properties, including thermal conductivity, vapour resistance and moisture management properties of 100% wool, wool blends, 100% cotton and polyester were compared; 100% wool or wool blends in light weight single jersey structure become  the most suitable fabrics due to their lower vapour resistance and better moisture management properties. However, 100% wool or wool blends in double jersey construction are not a preferable choice due to their increased mass per unit area and lower thermal conductivity. In addition, the findings of the study suggest that the application of hydrophilic treatment plays a significant role in the enhancement of the liquid moisture management properties of the skin layer fabrics. It is important to note that it is essential to control the process variables (e.g. speed, fabric stretch, pressure applied) to make the treatment uniform across the whole fabric surface.             The Pearson Coefficients of Correlation were determined for fabric thickness 
versus fabric thermal conductivity and vapour resistance and for fabric optical porosity 
versus fabric thermal conductivity and vapour resistance. Correlation analyses demonstrated that a strong positive linear relationship exists between fabric thickness and vapour resistance whereas an inverse relationship exists between fabric thickness 
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and fabric thermal conductivity. Similar correlation analyses were observed for fabric optical porosity versus fabric thermal conductivity and vapour resistance.            Findings indicate that the fiber content, fabric construction, fabric thickness and applied hydrophilic treatment significantly influence the thermal comfort properties of knitted fabrics suitable for skin layer fabrics of protective garments and have to be considered at the design and engineering stage for the protective ensembles. The light weight single jersey construction is the best choice to be used next to the skin in these garments. 
Thermal comfort attributes of selected protective assemblies             In Chapter 3, an objective assessment of the textile components of the selected protective materials intended to use for firefighters’ protective clothing was undertaken. The two protective fabric assemblies were chosen after this evaluation.  The protective fabric assembly B consisted of new protective materials while protective fabric assembly A consisted of materials already in use for firefigherts’ protective clothing. The objective evaluation revealed that protective fabric assembly B offers lower resistance to heat and moisture transfer from skin to outside than protective fabric assembly A. Further evaluation of the materials of protective assemblies A and B were undertaken using mathematical modeling at materials and at garment system level. The results of modeling also proved that Ensemble B garments offer better thermal comfort attributes than those of Ensemble A. The new materials of Ensemble A possess higher capability to transfer heat and moisture to the outside than the materials of Ensemble B.  The modeling approach suggests the usefulness of the advanced technique to engineering and evaluation of new protective materials and garments through combination of objective laboratory testing and multi-compartmental mathematical modeling.  
Sensorial comfort attributes for skin layer fabrics and different inner layer fabrics 
used in protective assemblies            In addition to the thermal comfort attributes, Chapter 4 investigated the surface characteristics of the fabrics used in skin layer garments and as inner layers of the protective clothing.            To achieve this purpose, fabrics suitable for skin layer garments fabrics which were examined for thermal comfort properties in Chapter 3, (100% wool, 100% cotton, 100% polyester and different wool blends) were investigated in virgin state and in wet state. Findings revealed that 100% wool fibre and wool fibre blends are considered to perform better in terms of sensorial comfort in light weight single jersey constructions. 
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Wool appears to offer better sensorial comfort because of its fibre resiliency when used next to skin in single jersey structures.  Although moisture increased the MIU of blended wool with bamboo in wet state but wool/bamboo blend keeps   the skin free of moisture due to its better moisture management properties as discussed in the Chapter 3.  It would be capable of keeping the skin free of moisture and providing comfortable sensations when worn next to skin garments in fire fighting situation when bodies sweat substantially. 100% polyester mockmesh consists of textured filament yarns that create smoother surfaces but could generate clinging sensations on the skin. 100% cotton has protruding fibre ends with less resilience than wool and is not as comfortable as 100% wool or wool blends, especially when fabrics are wet.  Therefore, from the investigation it is concluded that fibre content, yarn structure and fabric structure are the most critical parameters influencing the fabric surface properties of the knitted fabrics investigated. In addition, the presence of moisture significantly affects the MIU. It is also evident from the study that light weight single jersey structures are the most effective to use next to skin and 100% wool and blended wool offers better sensorial comfort than 100% cotton, or 100% polyester.              Inner lining fabrics were also evaluated with the conditions of practical wear taken into consideration. Seven different fabrics (consisting of 100% Nomex® and different Nomex® blends) were studied in their virgin state, after washing, after abrasion and in their wet state. Results indicated that fabric friction MIU and fabric surface roughness SMD for these types of fabrics are affected by numerous factors such as fabric structure, fibre type, yarn structure, yarn density, moisture content, fibre blend ratio and fabric mechanical treatments. Additional variables which have been found to affect the fabric surface properties for the fabrics suitable for inner liners because of the application of additional applied treatments of washing and abrasion on these fabrics which were not addressed for the knitted skin layer fabrics. The surface roughness SMD is affected more than fabric friction MIU because of these variables. The variations in SMD appear to be greatly affected by treatments involving moisture. The study demonstrated that yarn structure (spun or filament) and blending ratio (material composition) are the two most critical factors that influence the fabric surface properties in fabrics containing specialised performance yarns used in fire fighters clothing.              Therefore, fabric samples that are manufactured from 100 % Nomex® fibres are expected to perform better during practical wear. The minor difference in MIU and SMD is due to the different yarn structures used: filament, long-staple- and staple-spun. In the case of remaining fabrics, blends of Nomex® with viscose or aramid fibre and 
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the use of spun yarns potentially reduce their sensorial comfort. 
Investigation into fit of the existing firefighters’ jacket as relevant to thermal 
comfort           Chapter 5 focused on determining the fit and thermal comfort attributes of the protective jacket made from protective assembly B in existing design and fit, through objective and subjective evaluation. The outcomes of this chapter were valuable in terms of making recommendations for innovative design, style and construction of protective jackets offering best fit and size for female Australian firefighters. For that purpose the protective assembly “B” was further investigated to identify the impact of different air gap sizes on its thermal comfort attributes. The study helped build an understanding of the impact of varying air gap sizes on thermal comfort attributes of the protective assembly. Based on the findings of this investigation, it is possible to incorporate the required ease allowances in the new prototype jacket for female firefighters.  The ease of a garment generally refers to the gap size and distribution, or vacant space, between the body and the inner surface of the garment.  The results indicate that Rct and Ret are both affected significantly by different air gap sizes and distributions. They both increase when the air gap size is increased and achieve a stable state with any further increase. In the present study, the protective assembly exhibits highest Rct and Ret at air gap of 15mm when air gap is increased from 0mm-15mm. This is due to larger amount of still air being present between heated plate and the three layer protective assembly, when air gap size is increased.  Further increase beyond 15mm did not result in any increase of Rct and Ret of the assembly.  It would be necessary to carry out further investigations to understand the behaviour of Rct and Ret with increase of air gap beyond 30mm. Further, to keep Rct lower an air gap size of 10-15mm is preferable. This implies that the resultant jacket made of the three-layered protective assembly investigated, should be constructed in such a way that it distributes an air gap size of 10mm-15mm evenly across the wearers’ body. However, this is an ideal situation and practically not possible due to variations in human body geometry. Thus, the anthropometric study of Australian female firefighters becomes important to address variations in human body geometry and should conduct. When designing the new prototype jacket for female firefighters, the impact of varying air gap sizes and distribution on thermal comfort attributes should be kept in mind.                Furthermore, to investigate the fit of the firefighters’ jacket made of protective assembly B using existing design and fit, thermal manikin Newton was used in male and female forms. From this investigation it was concluded that when comparing a 
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garment of the same size and construction on a female and male form of the manikin, the female body shape forms a greater air gap between the body and the garment inner surface compared to the male body shape. The results also show that a looser garment of larger size entraps larger air volume. In present study, the same manikin was used and the entrapped air volume was changed by the addition of the breast segments with the rest of the manikin remaining of the same size/configuration. However for actual human subjects the male geometry is different from the female body shape in all body sections, not just at the chest area. Therefore the total air volume and volumes across different body sections could be greater than the ones reported in this study.  The results of this study clearly indicated that there is a need for modification of the existing firefighters’ jacket design to better suit the female human body geometry where the fit can be improved through garment design and engineering, which will eventually reduce the trapped air volume.           To find the influence of jacket size and fit on thermal comfort attributes of the protective jacket in existing design and fit, thermal (IT) and vapour resistance (ReT) of the protective jackets in existing design and fit in two different sizes were determined using thermal manikin Newton. The study revealed that IT and ReT increased when the protective jacket in existing design and fit in size Small was evaluated on a female form of the manikin as compared to a male form of the manikin. When the jacket size was changed from Small to Medium, the IT and ReT dropped for the female form. The decrease in Rct and Ret is attributed to the increased trapped air volume between the manikin skin and jacket inner surface. Reduction in IT and ReT with larger trapped air volume beyond certain limits is beneficial for the wearer’s thermal comfort; however, if the jacket is very loose and heavy it may restrict body movements. Therefore, making a loose protective jacket which can entrap a lot of air inside is not a solution to maximize the thermal comfort attributes of the jacket. The areas under the chest/bust (referred to as the stomach), back and hips need to be modified in the new design. The permeability index is also lower when the same size and style of jacket is used for the female manikin form indicating reduced physiological comfort. This implies body geometry is an important factor to consider when designing the protective jacket for females.               This chapter suggested that for female firefighters, the existing design and fit of the protective jacket will not provide them with the same physiological comfort as it does for males. There must be specific design, size and fit which are well suited for their body geometry.  
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            In addition to the objective testing, the protective jacket was subjectively assessed to gain information about the thermal and ergonomic comfort of the user when wearing the protective jacket in existing design and fit. From the subjective assessment following information was collected: 
• The volunteer subject who participated in the study had medium size for her clothing but in the Medium size of the protective jacket in existing design and fit, she felt it as a wrong size for her and she preferred to wear the Small size jacket. Thus available sizes and fit of the protective jackets need to be modified. 
• The length of the jacket sleeve and the collar need to be adjusted because their edges rub the skin during movement, which feels irritating to the wearer. Around the waist area, the jacket feels very hot and bulky as the protective jacket in existing design and fit is very loose at the waist of the female volunteer. When the protective trousers were worn with the jacket, the jacket felt very uncomfortable around the hips. It was hot, heavy and bulky at this site.  
• The jacket length was longer than the standard requirement given in the standard AS/NZS 4967:2009. It is 20cm longer than the hips of the female volunteer. When the jacket and trousers both are worn together, air can be entrapped around the waist which can impair the performance of the female firefighters. Thus the jacket needs to be shortened.               Therefore, the new prototype jacket should be tailored to suit the female human body geometry so that the there is an even fit at different sites of the body.  Finally the new prototype jacket was manufactured according to recommendations provided in the Chapter 5.  
New prototype protective jacket           In Chapter 6, the new prototype jacket was designed and investigated for its fit and thermal comfort attributes as relevant to the female body geometry using the same methods that were used to evaluate the protective jacket in existing design and fit for its fit and thermal comfort attributes.           The results indicated that when the manikin was dressed in the new prototype jacket, total air volume entrapped between the manikin surface and the jacket reduced by 28% compared to the air volume entrapped when the manikin was dressed in the protective jacket in existing design and fit in Small size. This is a substantial amount. However, during the quantification of trapped air volume the thickness of the protective assembly was ignored. The protective assembly “B” was used for the protective jacket in existing design and fit and for the new prototype jacket. The 
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thickness of the protective assemblies for both jackets is similar to each other. If a constant value of jacket volume which corresponds to the thickness of the jacket is subtracted from the trapped air volume in both cases, the resultant percentage decrease would remain the same (i.e. 28%).             Further, the impact of this decreased air volume on the thermal comfort attributes of the new prototype jacket was determined. The IT and ReT offered by the new prototype jacket were lower by 25% and 18% respectively as compared to the IT and ReT of the protective jacket in existing design and fit in Small size. This implies that the new prototype jacket has greater ability to move the body heat and moisture away from the skin as compared to the protective jacket in existing design and fit which is a substantial positive achievement.            Finally, the subjective assessment of the new prototype jacket was undertaken. The feedback of the volunteer subject about the new prototype jacket was positive. Subject reported that she was comfortable as relevant to the fit, thermal and ergonomic comfort offered by the new prototype jacket. Subject rated the new prototype jacket comfortable in both standard normal (23°C, 65%RH) and standard hot conditions (35°C, 35%RH).             These findings suggest that the size and fit of the clothing has a considerable impact on the thermal comfort attributes of the clothing regardless of the material used. In addition, the existing design and fit of the protective jackets needs to be modified to better suit female firefighters. Their body geometry should be taken into consideration when designing the protective jacket. These results are encouraging for the development of a new design and construction of firefighters’ protective jackets for females in Australia.            The findings of the Chapter 6 suggest that the alternative hypothesis of the research is true. The study also reveals that there is a need for anthropometric studies of female Australian firefighters to produce the protective clothing that is specifically designed and that offers enhanced thermal comfort properties. If the anthropometric data of Australian female firefighters were available, it would help to inform the manufacturing of the protective jackets of suitable fit for female firefighters.     
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7.1 Recommendations and future work              The findings of the present study create many avenues for future research:  
• Continuous work is required to investigate the thermal comfort properties of the textile materials developed for the skin layer garments and firefighters’ protective clothing to improve their comfort attributes. 
• The application of hydrophilic treatment on the skin layer fabrics plays an important role for vapour resistance and moisture management fabrics. The findings of the present study suggest that skin layer fabrics must be treated with hydrophilic treatment but there is also a need to control the process parameters throughout the whole fabric width to make it uniform and to avoid variation in the moisture management properties of these fabrics. 
• The skin layer garments are not a necessary garment for firefighters. They often do not use any skin layer garments. In this case the inner layer of the three-layer protective assembly is the layer next to skin. Thus, to enhance the moisture management properties of the inner layer fabric, a hydrophilic treatment can also be applied on the inner layer. 
• The objective testing for thermal attributes of the protective jacket in existing design and fit and the new prototype jacket was carried out under standard conditions with thermal manikin in a stationary position. Further investigation can be performed while the manikin is walking or under dynamic conditions to gain greater insight into the influence of fit on thermal comfort attributes. 
• In the present study, the subjective assessment was carried by selecting one female representing the average Australian woman. The study can be further extended for subjective assessment on a sample of female firefighters to gain greater insight into additional improvements. 
• The protective trouser should also be investigated for fit and thermal comfort attributes.  
• In the questionnaire, the evaluation of fit of protective trouser should also be added and feedback should be collected from a larger number of female firefighters to form a valid database for future work. 
• The physiological evaluation (i.e. human trials) of the new prototype protective jacket is necessary. The original prototype jacket is the baseline jacket. Comparisons of the physiological parameters such ass development of core temperature, skin temperature, heart rate, sweat rate and evaporation rate can be made accordingly. 
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• In addition to the size and fit evaluation of the existing protective clothing in the survey, the questionnaire should also incorporate  the open ended questions about the size of everyday clothing, size of jacket worn and  key body measurements of the participating  female firefighters (e.g. height, waist, hips measurements). Such information is an effective way to gather anthropometric data of female Australian firefighters. 
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Appendix I 
 
                                                        Questionnaire  Evaluation of Design and Fit of Firefighters Protective Jacket  All responses are confidential. ( CHEAN A-2000605-11/11). Please choose the most appropriate option. Please use (√) to record your response 
and try to respond to every Item. You may add additional comments (if any) at 
the end of each Item. Your input is greatly valuable and I thank you in anticipation. 
PART I Gender: _________ Size of the protective jacket normally worn: __________ Everyday clothing size: _________ Height: _____________ Weight: ______________ 1. Which category below includes your age? a) 20 – 25 b) 26 – 30 c) 31 – 35 d) 36 – 40 e) 41 – 45 
PART 1I (In standard normal and hot conditions) 2.  How do you find/rate the size & fit of jacket at the following body points? 
 Any Additional Comments: ---------------------------------------------------------------------------- 
 Too loose 1 Slightly loose 2 
Perfect fit 3 Slightly tight 2 
Too tight 1 
Shoulders      Neckline      Chest/Bust      Waist      Armhole      Elbow      Wrist      
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3. When you wear the jacket, does the fabric gather/bunch up at the armhole?  a) Yes     b) No  c) to some extent If your answer is a) or c), then how do you rate this fabric gather/bunch and its contribution to uncomfortable feeling? 1(Minimum)  2  3  4  5 (Maximum) Minimum: No uncomfortable feelings Maximum: Highly uncomfortable Any Additional Comments: ----------------------------------------------------------------------------  4. How would you rate the design of the jacket in terms of the following?    Most restrictive Very restrictive Somewhat restrictive Satisfactory Very comfortable Ease of movement      Easy to put on      Easy to take off       Any Additional Comments: ----------------------------------------------------------------------------  5. How do you find the weight of the protective jacket (circle one)?  a) Too heavy   b) Moderately Heavy    c) Slightly Heavy    d) Satisfactory   e) Not heavy Any additional comments ------------------------------------------------------------------------------  6. How will you rate the overall comfort of the protective jacket? (Tick one on box only) 1 Uncomfortable 2 3 4 5 Comfortable       Any Additional Comments: ----------------------------------------------------------------------------    
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PART III (After exercise in standard normal conditions) 1. In the presence of body moisture (sweating) after assigned physical exercise, how do you rate the feel and the fit of the jacket at the following body points? (1= No/Minimum difference in comparison to dry state, 5= Very different when sweating)  
  1 Min. difference 2 3 4 
5 Very different 
Shoulder  Loose      Hot      Comfortable      
Neckline  Loose      Hot      Comfortable      
Chest/Bust   Loose      Hot      Comfortable      
Waist  Loose      Hot      Comfortable      
Armhole  Loose      Hot      Comfortable      
Elbow  Loose      Hot      Comfortable      
Wrist  Loose      Hot      Comfortable       Any Additional Comments: ----------------------------------------------------------------------------   
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2. How does the presence of moisture change the overall perception of comfort of the jacket? a) No difference   (b) Feels worse  than dry state (c) Feels better than dry state Any Additional Comments: --------------------------------------------------------------------  3. How would you rate the design of the jacket after exercise in terms of the following?   Most restrictive Very restrictive Somewhat restrictive Satisfactory Very comfortable Ease of movement      Easy to put on      Easy to take off       Any Additional Comments: ---------------------------------------------------------------------------  4. How do you find the weight of the protective jacket after exercise (circle one)?  a) Too heavy   b) Moderately Heavy    c) Slightly Heavy    d) Satisfactory   e) Not heavy Any additional comment: ------------------------------------------------------------------------------  5. How will you rate the overall comfort of the protective jacket after exercise? (Tick one on box only) 1 Uncomfortable 2 3 4 5 Comfortable       b) Any Additional Comments: ---------------------------------------------------------------------          
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PART IV (After exercise in standard hot conditions) 1. In the presence of body moisture (sweating) after assigned physical exercise, how do you rate the feel and the fit of the jacket at the following body points? (1= No/Minimum difference than dry state, 5= Very different when sweating)  
  1 Min. difference 2 3 4 
5 Very different 
Shoulder  Loose      Hot      Comfortable      
Neckline  Loose      Hot      Comfortable      
Chest/Bust   Loose      Hot      Comfortable      
Waist  Loose      Hot      Comfortable      
Armhole  Loose      Hot      Comfortable      
Elbow  Loose      Hot      Comfortable      
Wrist  Loose      Hot      Comfortable       Any Additional Comments: ----------------------------------------------------------------------------   
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2. How does the presence of moisture change the overall perception of comfort of the jacket? a) No difference   (b) Feels worse than dry state (c) Feels better than dry state Any Additional Comments:  3. How would you rate the design of the jacket in terms of the following after exercise?    Most restrictive Very restrictive Somewhat restrictive Satisfactory Very comfortable Ease of movement      Easy to put on      Easy to take off       Any Additional Comments: ----------------------------------------------------------------------------  4. How do you find the weight of the protective jacket after exercise (circle one)?  a) Too heavy   b) Moderately Heavy    c) Slightly Heavy    d) Satisfactory   e) Not heavy  Any additional comment: ------------------------------------------------------------------------------ 5. How will you rate the overall comfort of the protective jacket after exercise? (Tick one on box only) 1 Uncomfortable 2 3 4 5 Comfortable       a) Any Additional Comment: -------------------------------------------------------------------- 
         
